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ABSTRACT  
Urban development is known to significantly impact on catchment hydrology and 
stormwater runoff quality.  Constructed wetlands have been in use since at least the 
1960s to ameliorate these impacts and their use in New South Wales (NSW) 
Australia has been popular since the 1990s.  Horsley Estate is a small satellite urban 
development located within the Illawarra region of NSW, between Dapto and the 
Illawarra Escarpment.  This estate is currently predominately surrounded by rural 
landuse, however over the next 40 years, urban development is set to expand 
significantly in the form of the West Dapto Land Release.  Four water quality control 
ponds (WQCP) are currently in service within Horsley Estate, constructed for the 
purpose of improving urban runoff quality associated with the Estate.  In this study, 
one of these WQCP, “ROB1”, is investigated in terms of its design relative to current 
best practice and its ability to reduce the Priority Pollutants total nitrogen (TN), total 
phosphorus (TP) and total suspended solids (TSS) in stormwater runoff in order to 
inform the design of new urban runoff water quality infrastructure for the Land 
Release.  A review of the literature identified two primary issues concerning 
determining the pollutant reduction capacity of constructed wetlands, i.e. a lack of 
technology able to measure TN, TP and TSS at sufficient temporal resolution to 
accurately estimate pollutant load reductions, and a lack of consistency in 
methodologies able to quantify the reliability of their results.  To address these 
issues, five time synchronised water quality monitoring stations (WQMS) were set 
up at each of four inlets and the outlet of ROB1, each containing an auto-sampler, 
turbidity sensor, conductivity sensor and flow sensor integrated with a programmable 
data logger.  Each WQMS was programmed to record turbidity, conductivity, 
temperature and flow every five minutes (“high temporal resolution monitoring 
data”) and to automatically take samples throughout each rain event according to a 
pre-programmed regime.  Standard least squares procedures were then used to fit the 
data to two multivariate statistical models, termed the “Inlets Predictive Model” 
(IPM) and the “Outlet Predictive Model” (OPM).  Model diagnostics (R2 
correlations, summary of fit and analysis of variance indicators) were strong for both 
TN and TP, for both the IPM and OPM.  However, while summary of fit and analysis 
of variance indicators were relatively strong for TSS for both models, the R2 
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correlations were considered too weak to be of use (a review of the diagnostic 
outputs for both models revealed the most like cause was the limits of reporting 
associated with the laboratory analysis for TSS, rather than the models themselves).  
Using these models and the high resolution monitoring data, mass balances were then 
determined for four of the six events for TN and TP (technical problems meant that 
two events could not be used for this purpose). Results revealed that ROB1 was 
achieving a level of pollutant reduction akin to current benchmarks.  This study also 
compared the design of ROB1 to current best practice for constructed wetland 
design, taking into consideration such issues as impacts on lot yield (i.e. size required 
for effective treatment), ease of maintenance, susceptibility to invasion by weeds, 
and public safety.  This comparison revealed that whilst ROB1 may be achieving a 
reasonable level of TN and TP reduction, its design is out-dated, and consideration 
should be given to alternative water quality improvement infrastructure, including 
the utilization of smaller integrated stormwater management measures to improve 
water quality outcomes, whilst reducing maintenance costs and public safety risks. 
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1. INTRODUCTION 
An Excerpt from the Australian Guidelines for Urban Stormwater Management 
(ANZECC and ARMCANZ 2000) reads as follows: 
  
“In many Australian cities stormwater runoff is seen as a nuisance to be 
disposed of as quickly as possible.  Urban drainage systems have often been 
developed to minimise flooding, without due consideration of other important 
values such as resource conservation, environmental quality, public safety and 
amenity. 
 
It is now clear that a new approach to stormwater management is needed – an 
approach that addresses issues of stormwater quality and aquatic ecosystem 
health, as well as stormwater quantity.  We need an approach that recognises 
the environmental impacts of urbanisation, the linkages between land and 
water management, and the importance of community values and 
involvement.” 
1. 1 Background 
Urbanization of land is known to significantly alter the nature of stormwater runoff 
in terms of its quality and its hydrology (Livingston 1990; Gnecco et al. 2005; 
Goonetilleke et al. 2005; Farahmand et al. 2007).  Alteration of stormwater runoff 
represents one of the most significant environmental consequences of urban 
development (USEPA 2002; Egodawatta et al. 2007).   In the absence of effective 
treatment, urban stormwater runoff can have serious environmental and economic 
consequences at local and regional scales, including a reduction in biodiversity, 
public health issues, and damage to downstream industries (e.g., oyster farming, 
irrigation, local fisheries and tourism).       
 
Constructed wetlands (CWs) have been applied as a means of reducing the impact of 
urban stormwater runoff on receiving waters.  Definitions for constructed wetlands 
are almost as numerous as the various forms in which they occur (no two are exactly 
the same, and variations can be considerable).  Perhaps one of the more descriptive is 
that coined by Vymazal et al. (2008): 
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“Constructed wetland treatment systems are engineered systems that 
have been designed and constructed to utilise the natural processes 
involving wetland vegetation, soils, and their associated microbial 
assemblages to assist in treating wastewater. They are designed to take 
advantage of many of the same processes that occur in natural wetlands, 
but do so within a more controlled environment”.   
 
In the natural environment, wetlands play an important role in managing the impacts 
of stormwater runoff (Livingston 1990) due to their ability to reduce storm hydraulic 
impacts and modify pollutants carried in stormwater.  The use of wetlands (natural or 
constructed) to improve water quality was initially developed about 40 years ago 
(Kadlec and Knight 1996; Shutes 2001).  The use has continued to increase in 
popularity due to a growing reputation as a cost effective and ‘natural’ water quality 
treatment alternative (Kadlec and Knight 1996; White 1998; Scholz 2006) and by the 
1990s, CWs had become a popular means of water treatment and the mitigation of 
habitat degradation in New South Wales (NSW) (DLWC 1998). 
 
Lake Illawarra, located approximately 90 km south of Sydney (NSW, Australia), is 
one of the Illawarra’s most important natural assets; adding economic, social and 
environmental value to the region.  However, over 200 years of development has 
taken its toll, and the lake is now showing signs of environmental degradation 
(Morrison and West 2004).  The importance of the Lake to the region’s community is 
demonstrated by the passing of the Lake Illawarra Authority Act 1987 after years of 
sustained community pressure and, more recently, by the formation of the 
community groups like the Save the Lake Action Group (or SLAG) in 2001. 
 
Due to an expected increasing population in the Illawarra (DoP 2008), urban 
development is set to expand within Lake Illawarra’s catchment.  In particular, the 
Mullet Creek sub-catchment is expected to see significant urban development in the 
form of the West Dapto Land Release initiative.  This land release will see 1,246 
hectares of land within the Mullet Creek sub-catchment developed over the next 40 
years that is expected to accommodate 17,000 homes, two major shopping areas, five 
villages, and 200 ha of land allocated to industrial use (WCC 2011).  Because of the 
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stormwater issues described above, and legislation administered through the 
Environmental Planning and Assessment Act 1979, the West Dapto Land Release 
project includes the provision for up to 58 “water quality control ponds” (WQCPs) (a 
relatively simple type of constructed wetland).  The primary purpose of these ponds 
is to ameliorate the environmental impacts of the resultant urban stormwater runoff 
on Lake Illawarra by: 
1. Removing pollutants from the urban runoff, in particular nutrients and 
suspended solids, and 
2. The attenuation of stormwater runoff flows exacerbated by the increase in 
impervious surfaces associated with the development. 
 
Four WQCPs have already been constructed as part of the Stage 1 development at 
West Dapto, and have now been in service for over 16 years.  Since their 
construction, there have been no studies to adequately assess their performance or 
investigate the sustainability of their operations.  Further, anecdotal evidence derived 
mostly from Wollongong City Council’s (WCC) operations and asset management 
personnel has raised serious concerns about the establishment of similar 
infrastructure for the remaining stages of the West Dapto Land Release due to 
complications with the maintenance of these ponds (per. comm. Robert Ryan, Asset 
Management and Capital Budgeting Manager, WCC). 
 
Stage 1 of the Land Release area includes the established suburb of Horsley Estate, 
within which the four WQCPs are located.  The existence of these WQCPs provides 
an ideal opportunity to investigate the performance, design and their general “fit” 
within the urban context and, using this information, identify opportunities for 
improving the application and designs of future measures for the West Dapto Land 
Release.  This study takes advantage of this opportunity by assessing the water 
quality performance, design and operational sustainability of “ROB1”, one of the 
four WQCPs operating within Horsley Estate.   
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1. 2 Rationale 
The rationale for this study stems from four main issues concerning Lake Illawarra 
and Mullet Creek, and the role of constructed wetlands in protecting them from 
further degradation resulting from urban expansion.  These are: 
1.  Environmental stressors are already evident for both Lake Illawarra and 
Mullet Creek. 
2. The likely consequences of urban expansion in the Mullet Creek Catchment. 
3. Concerns regarding the construction of a further 54 WQCPs due to perceived 
maintenance and design issues concerning existing WQCPs within the West 
Dapto Land Release Area. 
4. Uncertainty about the performance of constructed wetlands and other urban 
stormwater management measures for the amelioration of polluted water due 
to a lack of studies that are able to quantitatively assess their performance. 
 
Lake Illawarra and its catchment have been significantly affected by human 
activities, especially since 1800.  While the lake is in relatively good condition, there 
are clear signs of environmental stress (Taylor 2003; Morrison and West 2004; 
Gangaiya and Beardsmore 2006).  As discussed in Section 1.1, urban expansion is 
set to continue within the Lake’s catchment.  Given the total area set to be developed 
within the land release (1,246 ha), and the number of WQCPs planned, the lack of 
adequate studies assessing the performance of the existing WQCPs in Horsley Estate 
is not ideal.  This concern is supported by several studies on wetlands that have 
reported performances that are below expectations and, in some cases, appear to be a 
source of pollution in themselves (Section 2.4.1). 
 
It should also be noted that, as stated in The Constructed Wetlands Manual produced 
by the then NSW Department of Land and Water Conservation (1998),  constructed 
wetlands have “often been seen as a ‘cure all’ having magical powers to solve a 
plethora of problems.  However, the small amount of data collected in NSW in the 
1990s suggested otherwise (DLWC 1998).  Since then, more monitoring has been 
undertaken, but much of it has been in the northern hemisphere, and a large 
proportion of this has been based on short term studies on infant or juvenile 
ecosystems (Kadlec and Wallace 2008; Lee et al. 2009).  This is of concern because 
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more recent studies suggest that wetland behaviour in relation to nutrient 
transformations changes with age (e.g., Zemanova et al. (2010)). 
 
Given the considerable financial investment required to construct and maintain the 
existing and proposed WQCPs, combined with their critical role in protecting Lake 
Illawarra and its tributaries from further environmental degradation, it is in the 
interest of the regional community that the performance of the existing ponds be 
better understood and this information, along with current industry standards and 
best practice, be applied to assessing the overall appropriateness of “end-of-pipe” 
WQCPs for the remaining stages of the West Dapto Land Release. 
 
1. 3 Study Aim 
This study aims to investigate the performance and design of the WQCP “ROB1” 
relative to existing benchmarks and best practice and, using this information, provide 
insights into how urban stormwater management might be improved in relation to the 
future West Dapto Land Release. 
 
1. 4 Objectives of this Study 
This study has the following objectives: 
1. Assess the nutrient and suspended solid (Priority Pollutants) reduction 
capacity of the WQCP “ROB1” relative to generally accepted current best 
practice water quality guidelines.  
2. Develop a transportable / transferable methodology to evaluate nutrient and 
suspended solid load reduction capacities for CWs and other forms of urban 
stormwater management measures that could quantitatively describe the 
accuracy of those estimations. 
3. Assess the design of ROB1 against current best practice. 
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1. 5 Layout of this Thesis 
This thesis has seven chapters, namely: 
• Chapter 1 – Introduction. 
• Chapter 2 – Literature Review. 
• Chapter 3 – Study Site. 
• Chapter 4 – Water Quality Data Acquisition. 
• Chapter 5 – Estimating Pollutant Load Mass Balances. 
• Chapter 6 – General Discussion. 
• Chapter 7 – Conclusions and Recommendations. 
 
This chapter, Introduction, defines the rationale for this study, defines its aim and 
sets out the objectives for achieving this aim.  Chapter 2, Literature Review, provides 
a narrative of the context within which this study has been conceived, including a 
general discussion of the impact of urbanisation on catchments, the subsequent 
environmental, social and economic impacts of stormwater runoff on downstream 
receiving waters, and the design, construction and performance of constructed 
wetlands. 
 
Chapter 3, Study Site, describes the study site, highlighting the importance of locality 
on the performance of wetlands (through climatic conditions, geomorphology and 
development type).  Since acquisition of water quality data for this study was both 
challenging and critical to the success of this study, Chapter 4, Water Quality Data 
Acquisition, focuses on how this was done, providing an overview of these 
challenges and the rationale for the approach taken.  It includes details of the 
equipment used, how it was installed and how successful the water quality data 
capture methodology was in the context of this study and its objectives. 
 
Chapter 5, Estimating Pollutant Load Mass Balances, provides details on how the 
collected data was collated, prepared for statistical modelling; and how event-based 
load balances for the Priority Pollutants (DECC 2009) were calculated.   
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Chapter 6, General Discussion, provides a general discussion of the implications and 
limitations of the findings of Chapters 4 and 5 and discusses the design of ROB1, 
compared to best practices for wetland type urban stormwater management.   
 
Chapter 7, Conclusions and Recommendations, assesses the degree to which the 
objectives of the study were met, and provides recommendations for further research 
into the management of stormwater in the West Dapto Land Release. 
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2 LITERATURE REVIEW 
2. 1 Introduction 
Urban waterways have important economic, environmental and social functions in 
heavily populated areas.  They are often utilised for the conveyance of urban 
stormwater runoff, and are typically the only areas left in a “natural” state following 
urban development.  Breen et al. (2006) attribute the following values to healthy 
urban waterways.  They provide: 
 
• Drainage and flood control. 
• In-stream and riparian habitats. 
• Ecosystem services. 
• Ecological corridors. 
• Recreational areas and connection with landscapes. 
 
However, urban waterways and their receiving waters (e.g., lakes, lagoons and 
rivers) are vulnerable to urban development.  Hence, their effective management is 
not only essential for ensuring the environmental sustainability of urban 
developments, but also for more immediate concerns such as public safety, asset 
protection, and maintaining visual amenity. 
 
Failure to properly manage urban waterways and their catchments can have 
numerous consequences that can cut across economic, social and environmental 
boundaries.   For example, poor management leading to increased pollution can 
result in damage to downstream industries such as oyster farms, fisheries, tourism 
and those that rely on waterways as a source of water (e.g., terrestrial farming and 
manufacturing plants).  Pollution can also affect quality of life by degrading 
downstream drinking water supplies, reducing opportunities for recreation, and 
generally degrading the aesthetic appeal of affected waterways.  Poor management of 
urban hydrology can lead to increased flow rates and volumes in urban waterways, 
which can increase rates of channel erosion and flooding, both of which increase risk 
to public safety and assets. 
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Due to climate change, the frequency and magnitude of short duration high intensity 
storm events (NSW Government 2010) is predicted to increase within the Illawarra 
Region (study locality) (NSW Government 2010). This predicted increase further 
highlights the need to effectively manage our waterways. 
 
2.1.1 Climate Change 
While climate change is not a focal point of this study, it is discussed briefly due to 
its potential to significantly impact on the nature of urban runoff over time.   
 
Warming of the Earth’s climate system is unequivocal, and many natural systems are 
now being affected by regional climate change (IPCC 2007; Garnaut 2011).  For the 
Illawarra Region, it is expected that climate change will result in a substantial 
increase in rainfall during summer, and moderate increases during spring and autumn 
(NSW Government 2010).  Rainfall intensity is also expected to increase.  
Consequently, climate change has implications for the forward planning of urban 
runoff management strategies, particularly in the area of water quality infrastructure 
modelling and design. 
 
Because modelling programs that provide design parameters for stormwater quality 
control infrastructure (e.g. Model for Urban Stormwater Improvement 
Conceptualisation or “MUSIC”) rely heavily on historic rainfall volume and intensity 
data, it is likely that, due to climate change, outputs from such models will not 
adequately reflect reality as infrastructure ages.  This is particularly problematic for 
infrastructure with a design life of 20 years or more.   
 
To date, there has been very little guidance provided in relation to this issue.  The 
only NSW government released document providing any sort of direct guidance is 
the J. Wyndham Prince Pty Ltd (2011) report which recommends that “Design 
rainfall intensities be increased by 15%”.  Further, there does not appear to be 
provision in existing stormwater modelling software to enter such climate change 
corrections.  Hence, the only apparent way designers of water quality improvement 
infrastructure can currently minimise the effect of climate change is to use the most 
up-to-date local rainfall data available. 
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2. 2 Urbanization of Watersheds 
 
It is well understood that urbanisation has a significant impact on the local 
environment, and the combined effects of urbanisation across the world transforms 
these local impacts onto a globe scale.  Urbanisation significantly alters the 
landscape over very short temporal scales, typically resulting in acute alteration of 
ecosystems, with subsequent and equally profound impacts on biodiversity 
(Buyantuyev and Wu 2009).   Worldwide, urbanisation is expected to accelerate, 
making it one of the most important environmental issues facing humanity (Duh et 
al. 2008; Wu 2008). 
 
One of the most significant contributing factors to the reduction of biodiversity 
caused by urban development is the effect urbanisation has on the nature of 
stormwater runoff (USEPA 2002; Egodawatta et al. 2007).  This effect is twofold 
(Livingston 1990; Gnecco et al. 2005; Goonetilleke et al. 2005; Farahmand et al. 
2007): 
 
1. Altered catchment hydrology (increased surface flow energy and volume).  
2. A significant decrease in runoff water quality. 
 
The impact of stormwater on receiving waters can be, and often is, severe.  This 
severity is a consequence of the multiple impacts that stormwater has on aquatic 
ecosystems.  These multiple impacts are well illustrated by Lawrence et al. (2006), 
who attribute the following seven key stressors or drivers that adversely impact on 
the receiving waters of urban runoff: 
 
• Source of toxicants (heavy metals, hydrocarbons, pesticides, ammonia). 
• Source of nutrients (phosphorus, nitrogen, carbon). 
• Source of oxygen depleting substances (organic material, ammonia, 
hydrocarbons, sulfides). 
• Source of physical contaminants (suspended solids, colloidal material). 
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• Altered hydrology (e.g., stream levels, stream flow frequency, stream flow 
energies). 
• Source of pathogens (viruses, bacteria, protozoa, helminths). 
• Source of contaminants that act to, or lead to, reduced aesthetics (gross 
pollutants, hydrocarbons, algal related scums, anaerobic-related scums and 
odours).  
 
2.2.1 Impacts of Urbanization on Hydrology 
 
Hydrology is concerned with the physical movement of water in space and time, 
incorporating the atmosphere, surface waters (from streams to oceans), and 
subterranean flows (Figure 2-1).  Climate and catchment are the two primary factors 
affecting hydrology (Beecham and O'Neill 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1: Hydrological cycle.   
Storages are in 1 x 103 km3 and exchanges are in 1 x 103 km3/yr 
(source: Tiimes (2009)). 
 
The urbanisation of a catchment significantly impacts on hydrology by altering the 
rainfall – runoff relationship (Herricks 1995; Sansalone 2003).  In particular, 
urbanisation compromises the capacity of the affected catchment to retain rain water 
through infiltration and groundwater recharge, resulting in urbanised catchments 
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exhibiting a reduction in the rainfall intensity threshold at which run-off events 
occur.   
 
This change in catchment hydrology brought about by urbanisation can be 
represented diagrammatically using hydrographs.  Hydrographs trend the change in 
surface runoff volume (y axis) relative to time (x axis) for a given rain event as 
shown in Figure 2-2 which features an idealised comparison of hydrographs of a 
typical catchment before and after development.   
 
 
Figure 2-2: Idealised hydrographs for a typical catchment before (“rural”) 
and after (“urban”) development for the same rain event.  
(modified from  Warner (1976)). 
 
The changes in hydraulic behaviour illustrated in Figure 2-2 include (Sansalone 
2003): 
• A greater peak discharge. 
• Reduced lag time. 
• A shorter “tail”. 
• Reduced base flows. 
 
The most important factor influencing this change in hydraulic behaviour is the 
significant increase in impervious surfaces typically associated with urban 
development (e.g., roads, roofs, footpaths and driveways).  Other contributing 
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modifications resulting from urbanisation include (Herricks 1995; Osman Akan and 
Houghtalen 2003; Sansalone 2003; Wong 2006):   
 
• Large scale clearance of pre-existing vegetation. 
• Construction of drainage infrastructure that is designed to facilitate the rapid 
removal of runoff. 
• The alteration of topography (e.g. surface levelling, landscaping and soil 
flipping). 
• Soil compaction. 
 
In summary, the hydraulic effect of urbanisation is typically increased volumes of 
surface water delivered at higher energy levels over shorter periods of time for a 
given rain event relative to predevelopment levels.   
 
2.2.2 Impact of Urbanization on Stormwater Runoff Quality 
The quality of urban stormwater runoff can vary greatly from one urban catchment to 
another.  It can also vary within a catchment over time.  This is because the quality of 
urban runoff can be affected by a diverse range of land uses and activities including 
(Pinho 1998; Burton and Pitt 2002; Osman Akan and Houghtalen 2003; Eades et al. 
2007): 
 
• Urban design (e.g., lot size, percentage cover and interconnectivity of 
impervious surfaces, stormwater drainage design, and sewage management). 
• Presence / absence of construction sites. 
• Modes of transport and associated infrastructure. 
• Presence / absence of industrial and commercial premises. 
• Presence / absence of green spaces (parks, gardens, riparian corridors, 
preserved bushland). 
• Construction materials (buildings, roads, pavements, drainage, etc). 
• Presence / absence of waste management facilities and how these are 
managed. 
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Cultural attitudes, community awareness and local climatic conditions  can also 
impact on the quality of stormwater runoff (Osman Akan and Houghtalen 2003) . 
 
The conversion of undeveloped catchments into urban environments introduces 
numerous new sources of pollutants.  As a result, when compared to pre-
development runoff, urban runoff often contains larger amounts of chemical species 
that may have been present before development (e.g., nutrients and metals), as well 
as species that were not present in the pre-development environment such as 
synthetic petroleum compounds, pesticides, and herbicides (Brown et al. 1998; 
Markich and Brown 1998; Stout et al. 2001; Burton and Pitt 2002; Boyd et al. 2004; 
Tang et al. 2005; Taylor et al. 2005).  Further, due to the increased energy of urban 
runoff resulting from the hydraulic implications of urbanisation (Section 2.1.1), there 
is also a net increase in solid particulate matter suspended in urban runoff (Sansalone 
2003). 
 
These new sources of pollutants introduced by urban development are wide ranging, 
highly varied and may occur as both point and diffuse source water pollution.  
Further, the environmental and public health implications of many pollutants and 
their sources are not yet fully understood.  Some of the known pollution sources and 
their associated pollutants are provided in Table 2.1. 
 
Table 2.1: Examples of typical sources of pollutants in urban environments. 
(Burton and Pitt 2002; Osman Akan and Houghtalen 2003; Sansalone 2003; Van Metre and Mahler 
2003; Boyd et al. 2004; Gobel et al. 2007). 
Source Typical pollutants 
Urban transport corridors and the 
vehicles that use them 
Synthetic petrochemical products and their combustion by-
products (e.g., polycyclic aromatic hydrocarbons), 
suspended solids (e.g., tyre wear and tear), heavy metals 
(e.g., tyre wear and tear, fuel, brake pads). 
Illegal dumping and accidental spills Wide range of synthetic and organic chemicals, introduced 
exotic species (e.g., aquatic weeds and exotic fish), gross 
pollutants (plastics, glass, paper, cans, organic waste, 
shopping carts, etc), nutrients and heavy metals. 
Urban infrastructure Heavy metals generated from the flaking, decay, leaching, 
corrosion or dissolution of urban infrastructure surfaces 
(bare metal, treated wood and painted surfaces), other wood 
preservation products (e.g., pentachlorophenol). 
Urban maintenance activities such as 
construction, demolition, landscaping 
Suspended solids due to the exposure of soils, stockpiling 
excavated materials and building materials; herbicides; 
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Source Typical pollutants 
pesticides; nutrients (fertilisers); heavy metals. 
Increased stream erosion due to 
increase stream energy and 
anthropogenic disturbances of 
natural flows and vegetation cover 
Suspended solids, increased organic matter (plant detritus).  
Note that suspended solids also act as a vector for other 
pollutants (Section 2.2.4.2). 
Sewage from overflow outlets, leaks 
and poorly maintained septic systems 
Bacteria, viruses, suspended solids, pharmaceuticals, 
endocrine disrupting chemicals, personal care products. 
Domestic pets Faecal matter. 
Atmospheric fallout 
 
 
Metals, nutrients and other contaminants associated with 
airborne particles (e.g., top soil from dust storms), PAHs 
(airborne products of the combustion of petroleum based 
substances), pH (acidification of rain can increase leaching 
of trace elements from rooftops).  Occurs as either: 
• Dry atmospheric fallout: predominately dust and 
aerosols with sufficient density to fall to the ground. 
• Wet atmospheric fallout: dissolution / entrapment and 
deposition of substance in the atmosphere via 
precipitation (rain, snow, hail) or condensation (dew, 
fogs, mist).  For example, rainwater can yield major 
ions such as SO42-, Cl-, NH4+, NO3- and PO43-. 
 
As detailed in Table 2.1, the potential range of pollutants present in a given urban 
catchment is significant.  This situation adds complexity to both determining the true 
impact of stormwater runoff on receiving waters and developing strategies for 
improving stormwater quality for at least three reasons: 
 
1. The sheer range of pollutants creates a major challenge in detection alone. 
2. The dynamic nature of stormwater pollutants means that detection is not only 
dependent on the right analysis, but the time when a sample is taken (e.g., 
pollutants from sewage will only appear during larger events, and only after 
sufficient rainfall has found its way into the sewer to result in an overloading 
of the sewer system). 
3. The impacts of many pollutants and their subsequent mitigation strategies are 
still a matter of scientific research and development. 
 
It also means that the potential list of analytes that could be investigated in this study 
is considerable, and it is not practical to test for all of them.  For the purposes of this 
study, the pollutants of interest are suspended solids and nutrients.  These pollutants 
have been chosen for the following reasons: 
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• They are known to have important environmental consequences (Burton and 
Pitt 2002). 
• They can be compared to historic data collected in earlier studies and reports 
undertaken in the same area (Goonrey 1997; White 2001; Taylor 2003; 
Whant 2005; Gangaiya and Beardsmore 2006). 
• Nutrients and sediments have been identified as the top two “Priority 
Pollutants” in NSW (DECC 2009).  
• Nutrients and sediments (along with salts) produce the largest volumes of 
diffuse source water pollution (DECC 2009). 
• Constructed wetlands, along with other water sensitive urban design 
measures, are designed to target these pollutants. 
• Reduction targets are readily available (ANZECC and ARMCANZ 2000; 
DECC and CMA 2007; Botany Bay Coastal Catchment Initiative 2008). 
• Suspended particulate matter (as suspended solids or turbidity) is often used 
as an indicator of stormwater quality (Osman Akan and Houghtalen 2003; 
Landcom 2009d). 
 
2.2.3 Environmental Consequences of an Altered Catchment Hydrology 
 
Flow regimes play an important role in maintaining the health of receiving waters 
(DECC 2009).  Event or flood flows (typically expressed as Average Recurrence 
Interval or ARI) provide hydrological variation in natural water systems that are 
important for maintaining the health of aquatic ecosystems (Breen and Lawrence 
2006).  Biotic cycles such as species reproduction, emigration / immigration, 
competition and predation are dependent on the disturbances created by natural 
hydrological variation within a given catchment.   Biotic cycles can be closely 
harmonised with such events, hence changes in stream hydrology due to urbanisation 
can have a significant impact on the ecology of stream environments (Breen and 
Lawrence 2006).  
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As discussed in Section 2.2.1, urbanisation can significantly affect the relationship 
between rainfall, surface water flow and groundwater recharge.  Flow regimes in 
surface waters can become far more extreme and infiltration into groundwater can be 
significantly reduced (Sansalone 2003).  For streams, this can mean unnaturally high 
flow during storm events that quickly taper off to near dry or dry base flow 
conditions.  This change in hydrology not only impacts directly on the biotic cycles 
of aquatic and riparian organisms, but also acts to increase erosion due to much 
higher runoff energy, resulting in increased average annual pollution and increased 
rates of stream migration (Figure 2-3).  Consequently, altered flow regimes due to 
urbanisation typically have the following impacts on waterway health (DECC 2009).  
They are: 
 
• Degraded water quality. 
• Reduced aquatic and riparian habitat. 
• Increased algal blooms. 
• Increased channel erosion. 
 
Of particular importance, is the effect urbanisation has on the relative impact of 
smaller, more common rain events.  In terms of runoff, smaller rain events are 
generally inconsequential in undeveloped catchments as vegetation prevents the 
generation of significant surface runoff by facilitating infiltration.  According to 
Lawrence and Breen (2006), however, the smaller, more frequent rain events 
produce much larger amounts of surface runoff in urbanised catchments.  
Consequently, such rain events are responsible for the vast majority of the annual 
average pollutant load produced from urbanised catchments (between 70 and 90 
percent of pollution is exported by events at or below the 1 year ARI event).   
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Figure 2-3: Accelerated bank erosion.   
This stream receives stormwater runoff from an urbanised area via an engineered stormwater network 
(gutters, pipes, pits and outlets).  Resultant high energy flows during storm events have increased 
erosion and, consequently, increased pollution loading and stream migration (Center for Watershed 
Protection and US Forest Service 2008).   
 
2.2.4 Environmental Consequences of Increased Pollution in Stormwater Runoff 
As discussed in Section 2.2.2, urbanisation introduces a wide variety of pollutant 
sources that were not present in the pre-existing catchment.  Likewise, the types of 
pollutants added / introduced by these new sources (Table 2.1), and their impacts on 
the environment, are equally diverse.  For example, certain pesticides have been 
shown to exhibit different levels of toxicity on different species of freshwater 
phytoplankton, which in turn could be an important factor in triggering algal blooms 
(Ma et al. 2008).  Pharmaceuticals, hormones and other potential endocrine 
disrupting chemicals have also been shown to occur in stormwater runoff (Boyd et 
al. 2004), particularly where stormwater runoff includes sewage inputs (e.g., where 
stormwater drainage systems include sewage cross connection, overflows and / or 
leaks). 
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Almost all known water borne pollutants can potentially be found in urban 
stormwater runoff (in dissolved forms and / or associated with suspended particulate 
matter), depending on the land uses that are, or have been undertaken, within the 
subject watershed.   
 
For reasons detailed in Section 2.2.2, this study focuses on nutrients and suspended 
solids.  The consequences of the release of these pollutants into receiving waters are 
described below. 
 
2.2.4.1 Nutrients 
 
Nutrients (taken to be nitrogen and phosphorus for the purpose of this study) occur 
naturally in catchment runoff, and their presence in waterways is important for 
healthy biological activity.  However, urbanisation typically results in an increase in 
these nutrients in receiving waters.     
 
Increased nutrient availability can have a significant impact on ecological processes 
in surface waters leading to reduced biodiversity, reduced resilience and, in some 
cases, complete system collapse (DECC 2009).  In particular, elevated levels of 
nutrients can result in the eutrophication of a water body which can, under the right 
conditions, result in increased growth of aquatic plants; including phytoplankton, 
cyanobacteria, macrophytes, seagrasses, and algae blooms (Figure 2-4) (ANZECC 
and ARMCANZ 2000).  This excessive growth can lead to a number of problems 
including (ANZECC and ARMCANZ 2000; Osman Akan and Houghtalen 2003; 
DECC 2009): 
 
• Increased levels of toxins (e.g., due to excessive cyanobacteria growth in 
fresh and brackish waters, and dinoflagellates in marine waters). 
• Reduced dissolved oxygen due to plant death and subsequent decomposition 
(which can lead to suffocation and the release of toxicants sorbed to 
sediment). 
• Reduced recreational amenity through unsightly waterways, and increased 
health risk. 
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• Economic loss through closure of waterways due to toxic algal blooms, 
impacting on industries such as tourism. 
• Blocking of waterways and standing water bodies by macrophytes and 
riparian weeds, reducing hydraulic capacity and passage of water craft. 
• Altered biodiversity (often reduced biodiversity and encouragement of exotic 
species). 
• Poisoning of livestock through exposure to drinking water sourced from 
rivers and dams affected by toxin producing algal blooms. 
• Increased cost associated with the provision of potable water supplies. 
 
 
Figure 2-4: Harvesting macro-algae in Lake Illawarra, New South Wales.   
Algal blooms can reduce water column oxygen levels through decomposition of algae 
organic matter, which in turn impacts on aquatic organisms in the lake.  Organic matter 
decay can also cause foul smells, impacting on local residents and recreational users of 
the lake. Note that the Lake Illawarra Authority reports an average annual expenditure 
of $125,000 for harvesting algae from Lake Illawarra.   
(Source: http://www.lia.nsw.gov.au/projects/algae.html) 
 
While the environmental impacts of nutrients are predominately associated with 
excessive primary production, nitrogen in the form of ammonia can also exhibit 
direct toxicity in aquatic organisms, such as fish, amphipods and bivalves (Mummert 
et al. 2003; Kater et al. 2006; Spencer et al. 2008).  Ammonia occurs in equilibrium 
as two species, i.e., non-toxic ionised ammonium (NH4+) and toxic un-ionised “free” 
ammonia (NH3), and is both non-persistent and non-accumulative in the environment 
(Lawrence and Breen 2006).  Under typical environmental conditions, ammonium 
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dominates and toxic effects associated with ammonia are not a concern.  However, as 
the proportion of total ammonia increases (e.g., due to fertiliser use) so does the 
amount of free ammonia which increases the potential for toxic effects (Lawrence 
and Breen 2006).  Increasing pH also increases the relative amount of free ammonia 
(by shifting equilibrium), and this can occur, for example, as a consequence of local 
geochemistry or excessive plant growth (due to temporary aqueous carbon dioxide 
depletion).  Aquatic ionic composition and temperature also affect the amount of free 
ammonia present (Lawrence and Breen 2006). 
 
Sources of nutrients (phosphorus and nitrogen) in stormwater include organic 
detritus (e.g., fallen leaves, grass cuttings, faeces, pollen, spores, bacteria, etc.), 
fertilisers, detergents, feedlots, industrial waste, lubricants, dust and eroded 
sediments (Duncan 2006).  Nutrient input into urban catchments may also occur via 
dry or wet atmospheric deposition (Table 2.1); however these sources are negligible 
compared to the aforementioned sources (Gobel et al. 2007).   
 
2.2.4.2 Suspended Solids 
 
Changes in hydrology due to urbanisation typically lead to increased peak discharges 
which increase suspended solid loads, particularly where urban development and / or 
unsealed roads have left soils exposed.  These suspended solids impact on receiving 
waters in two ways.   
 
The first is physical and includes increased turbidity and smothering (Osman Akan 
and Houghtalen 2003; DECC 2009). Increased turbidity reduces light penetration in 
the water column and this can have a number of impacts on aquatic organisms 
including sensory deprivation, reduced photosynthesis at depth, and reduced 
pathogen disinfection.  Smothering of benthic habitat (e.g., sea grass beds) can also 
occur due to deposition of suspended solids when flow energies dissipate, especially 
where streams converge into larger water bodies (e.g., lakes, lagoons and oceans).  
Such deposition can also block pipes and channels, disrupting flow and potentially 
increasing flood risk (Duncan 2006). 
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The second is the provision of a transport vector for other pollutants such as 
hydrocarbons, heavy metals, pathogens, organic matter and nutrients (particularly 
phosphorus) through their sorption to the particulate matter (Goonetilleke et al. 2005; 
DECC 2009).  This relationship between suspended solids and other pollutants has 
seen suspended solids used as an indicator for urban runoff pollution (Duncan 2006), 
and as surrogates for specific pollutants in specific catchments (Landcom 2009d). 
 
Consequently, suspended solids have both a direct and indirect impact on the health 
of waterways which makes their control very important in reducing environmental 
consequences of urban stormwater runoff on receiving waters.  Sources of suspended 
solids include atmospheric deposition, construction, demolition, road and vehicle 
wear, vegetation, and erosion due to surface flow (Duncan 2006). 
 
2.2.5 Pollutant Accumulation (build-up), Mobilization (wash-off) and the First 
Flush Phenomenon 
 
This section describes the mechanism(s) governing the uptake of pollutants into 
urban stormwater runoff.  These mechanisms have important implications regarding 
when and how often water quality data should be collected (Section 4.5).  More 
generally, understanding pollutant behaviour also has important implications for 
pollutant management and mitigation.  
 
2.2.5.1 Build-up 
 
During dry periods, pollutants accumulate on the surfaces of urban areas.  Rain 
events wash pollutants off these urban surfaces, and they are typically quickly 
discharged from the stormwater drainage system into receiving waters (Osman Akan 
and Houghtalen 2003).  “Build-up” refers to the process by which this pollutant 
accumulation occurs.   
 
A review of the literature by Duncan (1995) found the following regarding build-up 
on urban streets: 
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• Build-up on urban impervious surfaces is a dynamic process between 
deposition and removal, and between contributing and non-contributing 
areas. 
• Build-up is mediated by natural and vehicle-induced winds. 
• Build-up is mainly a dry weather process. 
• Build-up of many contaminants on roads is associated either directly or 
indirectly with vehicle movement. 
• Surface loads increase with antecedent dry period (however, build up curve 
shapes have not been accurately determined). 
 
According to Duncan (2006), studies undertaken in the early 1970s suggested that 
the rate of build-up was highest immediately following a cleaning event (street 
sweeping or heavy rain).  This finding was based on curves of accumulated build-up 
over time, generated using trimmed data (to remove outliers) collected from streets in 
residential, commercial and industrial areas in 12 cities in the USA.  However, 
Duncan (2006) argues that these findings were flawed as they were based on the 
incorrect assumption that street sweeping and heavy rain were 100% efficient at 
removing build-up, and that in all cases the accumulation was assumed to start from 
zero.  Further, there were few truly significant relationships, and those that were 
somewhat significant were heavily influenced by the trimming functions (Duncan 
1995). 
 
Based on these findings, Duncan (1995) concluded that “this strongly suggests that 
build-up is often not a limiting factor in determining wash-off loads”.  Hence, build-
up cannot be directly correlated with pollutant loading in runoff, as runoff loading is 
a function of both build-up and wash-off processes (Section 2.2.5.1 and Section 
2.2.5.2). 
 
2.2.5.2 Wash-off 
 
“Wash-off is the process by which accumulated dry deposition material is removed 
from impervious surfaces by rainfall and runoff, and is incorporated in the flow” 
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(Duncan 1995).  Wash-off behaviour is influenced by a number of factors. These 
include: 
• Behaviour of a given rain event. 
• Nature of the catchment. 
• Nature of the pollutant concerned. 
• Antecedent dry periods. 
  
According to Duncan (1995), numerous studies have been undertaken in order to 
describe wash-off behaviour in terms of runoff volume, runoff rate, rainfall intensity, 
and rainfall volume, and even raindrop impact energy.  Other studies have looked at 
a combination of these, while some have attempted to explain wash-off behaviour in 
terms of flow shear stress.  All have, to varying extents, shown that wash-off 
behaviour can be described by these factors.  Duncan (1995) offers’ two explanations 
for this. 
1.  The variables (rainfall rate and volume, and runoff rate and volume) and 
processes (flow shear stress and raindrop energy) are all, to varying extents, 
correlated with each other, hence correlation analysis is unlikely to 
discriminate between them. 
2. It is possible that different processes dominate under different conditions and 
temporal scales. 
 
Studies have also been undertaken in order to explain wash-off behaviour in terms of 
catchment characteristics (land use zoning, surface material and function), soil 
disturbance (e.g., construction activity) and the antecedent dry period (Duncan 
2006).  Studies focusing on catchment characteristics based on land use zoning tend 
to be more common; but explanatory power is often low.  Results for studies 
investigating the relationship between antecedent rainfall and wash-off quality have 
been mixed, with most relationships being described as small (Duncan 1995).  
Significant differences between surface material types and function (e.g., roads and 
roofs), and wash-off quality have been shown (Duncan 1999), as has various forms 
of soil disturbances, particularly construction activities. 
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In summary, Duncan (1995; 2006) concludes that wash-off seems to be the limiting 
factor for urban stormwater pollution in most instances, with little or no relationship 
to build-up, and that the removal of material from impervious surfaces is a flow 
phenomenon controlled by rainfall energy / intensity. 
 
2.2.5.3 The First Flush Phenomenon 
 
Kayhanian and Stenstrom et al. (2008) define the first flush phenomenon as: 
 
“The discharge of a larger mass or higher concentration (of a given 
pollutant) in the early part of a storm relative to the later part of the 
storm”. 
 
That is, the initial runoff generated from a rain event would be expected to be more 
polluted than subsequent runoff for the same event.  The observed first flush can be 
influenced by a number of interrelated factors, including (Lee et al. 2002): 
 
• The pollutant being measured. 
• Watershed area. 
• Rainfall intensity. 
• Proportion of impervious area. 
• Antecedent dry weather period. 
 
The first flush phenomenon has attracted a level of controversy with regard to both 
its existence and its characteristics.  Reasons for this controversy include: 
 
• Multiple definitions that potentially allow different conclusions to be drawn 
(even from the same datasets). 
• The nature of pollutant mobilization (wash-off). 
• Inappropriate / inconsistent data collection. 
• The pollutant concerned. 
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While the definition for the first flush given earlier is sufficient to define this concept 
generally, for scientific purposes a more rigorous definition is required so that the 
phenomenon can be tested.  A number of definitions have been proposed over 
several decades of research, but no single definition has been generally accepted.  
These include: 
 
• Defining the first flush based on the curve produced by the cumulative 
fraction of total pollutant mass versus the fraction of total cumulative runoff 
volume.  Such definitions usually require a specified minimum initial slope 
(usually 45o), and identify the end point of the first flush as the point of 
maximum divergence from that slope (Ashley et al. 1992; Gupta and Saul 
1996; Lee et al. 2002). 
• Defining the first flush based on minimum load delivered within a specified 
maximum volume, e.g., at least 80% of the pollutant load is transferred in the 
first 30% of the runoff volume, otherwise a first flush has not occurred 
(Saget et al. 1996). 
• Defining the first flush based on the pollution load in a given initial volume 
range, e.g., the pollution load in the first 20% of the event volume (Deletic 
1998).  
• Identifying the occurrence of the first flush only if the mass cumulative curve 
for a particular pollutant is above the runoff volume curve (Sansalone and 
Burchberger 1997). 
 
Multiple definitions lend themselves to different ways of displaying, analysing and 
interpreting data, which severely limits the ability to compare different studies.  
 
The apparent important role of rainfall intensity eluded to by Duncan (1995; 2006), 
as summarised in Section 2.2.5.2, may be problematic for those definitions that rely 
on a drop off in pollution concentration / load following the initial first flush.  The 
conclusions drawn suggest that rainfall intensity is a key factor in determining 
pollutant loads in stormwater due to its effect on wash-off, with build-up being less 
important.  This is based on the simple premise that rainfall intensity determines 
runoff flow energy and, hence, the mobilization and carrying capacity of the runoff.  
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Given that rainfall intensity may vary during a given event, pollutant loads may also 
vary during the rainfall - runoff event.  Hence, the possibility exists for peaks in 
pollutant loads to be observed following the initial flush, particularly for rain events 
where rainfall intensity peaks towards the middle or latter half of an event, or where 
rainfall intensity peaks multiple times during a single event.   
 
Another contributing factor to confusion surrounding the existence and 
characterization of the first flush phenomenon is an apparent lack of standard 
protocols for sample collection (Kayhanian and Stenstrom 2008).  Contradictory first 
flush studies may, in part, be explained by inconsistent / poor sampling techniques.  
For example, Deletic (1998) compared the results of Saget et al. (1996) and Gupta et 
al. (1996) and found the former concluded that there was no evidence for a first flush 
and no correlation between cumulative load curves and rainfall characteristics 
(rainfall depth, maximum intensity and antecedent dry weather), whereas the later 
argued essentially the opposite.  Deletic (1998) suggested that poor data quality 
might be one reason why such disparate conclusions were drawn, citing that in both 
cases, data collection was often too infrequent to capture short, intense storms which 
usually generate highly polluted runoff.   
 
The type of pollutant may also influence the observed first flush as, for a given storm 
event, the mobilization of different pollutants is not always consistent, and not all 
will necessarily exhibit a first flush.  For example, Gobel et al. (2007) states that pH 
and electrical conductivity (EC) will generally increase during the first few 
millimetres of a rain event then decrease thereafter asymptotically irrespective of 
intensity, whereas for polycyclic aromatic hydrocarbons (PAHs), rain intensity is 
more important (i.e. higher rainfall intensity result in high PAHs loads).  This 
suggests the importance of a given pollutant’s solubility in terms of how easily it 
becomes mobilised, i.e., PAHs are not readily soluble in water, and hence rely on 
suspension rather than solubilisation in order to become mobilised in runoff.  Since 
suspension of particles in the water column is directly related to flow energy, it 
follows that rainfall – runoff intensity would likely be a key determinant in the 
amount of PAH and other insoluble pollutants present in runoff. 
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In summary, while the basic concept behind the first flush phenomenon is fairly 
easily understood, its measurement is more complicated.  Accurate and reliable 
measurement of the first flush in the field relies on the collection of both flow and 
analyte data at sufficient resolution to adequately capture the initial runoff flows, 
otherwise false negative results are more likely to occur (i.e., a failure to observe a 
first flush).  Further, not all pollutants will exhibit the same extent of first flush (if at 
all), and other factors such as rainfall event characteristics (especially rainfall 
intensity), land use, antecedent dry weather period, and watershed area can influence 
the degree to which particular pollutants exhibit first flush behaviour.  Based on 
these findings in the literature, it would appear that more work needs to be 
undertaken around the relative importance of the first flush phenomenon (as well as 
build-up and wash-off) as these factors may have important implications for the 
design of water quality control infrastructure and the design of a standard method for 
measuring the performance of constructed wetlands. 
 
2. 3 Constructed Wetlands for Treating Urban Stormwater Runoff 
 
Mitigating the environmental impacts of urban stormwater runoff presents a 
significant challenge.  Urban runoff is a diffuse source of pollution which can 
contain a wide ranging of pollutants (Table 2.1), many of which may impact on 
receiving water ecology, even at trace concentrations.  Compounding this problem is 
the added environmental impact of typically large shifts in catchment hydrology 
associated with urban development (Section 2.2) that, in turn, lead to significant 
changes to surface and ground water regimes.  Further, these impacts can often 
manifest at significant distances from the source. 
 
This interaction of multiple pollutants and more extreme hydrology over large 
temporal and spatial scales adds to the complexity of mitigating the release of 
pollutants into waterways (Davies 1995; DECC 2009). Strategies for managing urban 
runoff need to remove pollutants and address the consequences of the more extreme 
catchment hydrology.  They also need to take into account the impacts of these 
strategies on more pragmatic issues such as: 
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• Land availability (existing developments) / impact on lot yield (new 
developments). 
• Ongoing operation and maintenance (cost and complexity). 
• Urban aesthetics. 
 
Constructed wetlands have been seen as a ‘natural’ solution to these complex issues.  
This view stems from their natural counterparts that were found to provide water 
filtration and water retention services in natural systems.  Constructed wetlands also 
have the advantage of being relatively simply to construct (at least from an 
engineering point of view), and require relatively low levels of operational 
resourcing when compared to mechanical water purification plants.  If incorporated 
into the urban fabric well, and managed appropriately thereafter, constructed 
wetlands can also provide significant improvement to the urban living experience 
(O'Neill 2009).   
 
2.3.1 Defining Constructed Wetlands 
 
Definitions for constructed wetlands are almost as numerous as the various forms in 
which they occur (no two are exactly the same, and variations can be considerable).   
Some of the better ones try to bear out the confluence between nature and 
engineering, i.e., the attempt to engineer a structure that mimics the complex 
processes found in natural wetlands in order to achieve a specific outcome (most 
often a water quality improvement function, but other uses such as habitat and 
aesthetics are also mentioned).  
 
Examples are: 
 
“Modern treatment wetlands are man-made systems that have been 
designed to emphasise specific characteristics of wetland ecosystems for 
improved treatment capacity” (Kadlec and Wallace 2008)”. 
 
“A constructed wetland ...... is an artificial wetland, marsh or swamp 
created as a new or restored habitat for native and migratory wildlife, for 
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anthropogenic discharge such as wastewater, stormwater runoff, or 
sewage treatment, for land reclamation after mining, refineries, or other 
ecological disturbances such as required mitigation for natural wetlands 
lost to a development” (Wikipedia 2011)”. 
 
“.... designed and man-made complex of saturated substrates, emergent 
and submergent vegetation, animal life, and water that simulates natural 
wetlands for human use and benefits” (Hammer and Bastian 1989)”. 
 
One of the more descriptive is provided by Vymazal et al. (2008), and this definition 
is adopted for the purpose of this study. 
 
“Constructed wetland treatment systems are engineered systems that 
have been designed and constructed to utilise the natural processes 
involving wetland vegetation, soils, and their associated microbial 
assemblages to assist in treating wastewater. They are designed to take 
advantage of many of the same processes that occur in natural wetlands, 
but do so within a more controlled environment”.   
 
2.3.2 A Brief History of the Uptake of Constructed Wetlands for Improving Water 
Quality 
 
Kadlec and Wallace (2008a) provide a detailed chronology of the developmental 
history of constructed wetlands.  Their work is summarised below, unless otherwise 
cited. 
 
Natural wetlands have been used for pollution control for centuries (Mitsch and 
Jorgensen (1989; 2004), cited in Ecological Engineering editorial  (2009)).  As our 
scientific understanding of the importance of natural wetlands has grown, (i.e. as 
habitat and to ecosystem function), the practice of using natural wetlands has reduced 
significantly.  Conversely, the use of constructed wetlands for treating various types 
of waste waters has increased rapidly since the 1960s.  This has occurred in tandem 
with an increase in scientific knowledge regarding the complex physical, chemical 
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and biological processes of wetlands, and the potential benefits of engineered 
structures designed to mimic these processes. 
 
The worldwide use of constructed wetlands for the treatment of polluted water has its 
origins in research undertaken by the Max Planck Institute in 1952.  Movement 
towards mainstream acceptance in Europe and North America began during the 
1960s and 70s (Shutes 2001). The actual uptake of constructed wetlands began to 
accelerate in 1985, and growth has continued at an “exponential” rate.  The rapid 
growth in their uptake has been attributed to their relatively low construction and 
operational costs compared to conventional water treatment technology (Shutes 
2001), and that they also provide a natural alternative to conventional systems (Lee 
et al. 2009).  Constructed wetlands are seen as a “natural”’ alternative for purifying 
stormwater runoff (Scholz 2006), and are thought of as being “one of the least 
expensive treatment systems to operate and maintain” (Kadlec and Knight 1996). 
 
The interest / uptake of constructed wetlands for the amelioration of urban runoff and 
water treatment in Australian began with research into indigenous macrophytes for 
water quality improvement during the 1970s.  In 1992, the Cooperative Research 
Centre for Constructed Wetlands was established.  Since the 1990s, the use of 
constructed wetlands has grown considerably, thanks in part by researchers such as 
Tony H.F. Wong and co-workers.   
 
2.3.3 Layout and Features of a Modern Constructed Wetland 
 
A key objective of this study is to critically assess the design of the water quality 
pond “ROB1” in the context of the pending West Dapto Land Release.  To do this 
effectively, it is helpful to establish a baseline of current best practice. This section 
provides this baseline, and is based on the following publications: 
 
• Water Sensitive Urban Design: Constructed Wetlands for Stormwater 
Management (Government of Western Australia 2011). 
• Construction and Establishment Guidelines: Swales, Bioretention Systems 
and Wetlands Version 1.1 (Water by Design 2010). 
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• MUSIC v4 Technical Help (eWater 2009). 
• Australian Runoff Quality: A guide to Water Sensitive Urban Design (Wong 
2006). 
• WSUD Technical Guidelines for South East Queensland (Water by Design 
2006). 
• Constructed Wetlands Design Guidelines for Developers (Melbourne Water 
2002). 
 
Modern constructed wetlands are typically designed and constructed along a linear 
process concept often referred to as a “treatment train”, which is designed to treat 
polluted water in an order that maximises the efficiency of each pollutant removal 
mechanism.  The Western Australian Government (2011) provides a generic model 
that splits the treatment train into four discrete zones, namely the pre-treatment zone, 
inlet zone, ephemeral zone and wetland zone (Figure 2-5).   
 
Pre-treatment zone 
 
The purpose of the pre-treatment zone is to remove any large detritus, particularly 
waste from anthropogenic sources, such as plastic bottles, tetra packs, cardboard, 
cans, polyethylene products, etc.  This is usually achieved using some variant of a 
gross pollutant trap (GPT) ranging from simple trash racks through to solid state 
screening systems such as continuous deflection separation devices (CDS) (Figure 
2-6).  By removing these items first, other processes downstream are made more 
efficient, and the absence of gross pollutants also maintains the aesthetic amenity of 
that constructed wetlands (providing GPTs are regularly cleaned). 
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Figure 2-5: Generic illustration of a constructed wetland for the treatment of urban runoff (Government of Western Australia 2011).   
Such systems have two primary purposes, i.e., to mitigate the effects of urban runoff on receiving waters by reducing pollutants and flow energy.  They 
also have the added benefits of providing habitat and improving the aesthetics of urban landscapes. 
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Figure 2-6: Schematic of the continuous separation deflection 
(CDS) device gross pollutant trap (GPT) (Soil and Water 
Conservation Society of Metro Halifax 2011).   
The CDS unit is a type of non-clogging screening system that utilise 
the existing flow energy of the incoming stormwater to create a 
tangential direction of flow relative to the screen, thereby minimizing 
blocking that plague traditional traps (e.g. trash racks) (Allison and 
Pezzaniti 2006). 
 
Inlet zone 
 
At the inlet zone, some form of energy dissipation and sediment removal is 
usually provided.  This can be provided in the form of obstacles or the provision 
of very rough surfaces (e.g. rocks or “rip-rap”) followed by a small settling basin, 
or it may simply be a basin where the water can pool and slow down.  Slowing the 
water down effectively reduces its energy, thereby facilitating the removal of 
“readily settleable solids”, i.e. solids down to coarse and medium sized silt 
fractions (Breen et al. 2006).  Reducing the energy associated with stormwater 
runoff and removing the suspended solid fraction at this stage has four key 
benefits: 
 
1. Prevents the smothering of the macrophyte bed. 
2. Reduces the frequency needed to remove silt build-up in the remaining 
sections of the constructed wetland. 
3. Provides a means of flow control that helps to ensure optimal treatment 
water flow rate over the macrophyte bed. 
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4. .Maximises the penetration of natural light in the wetland zone, facilitating 
disinfection and photosynthesis (Kadlec and Wallace 2008c). 
 
Ephemeral zone 
 
The purpose of the ephemeral zone is to capture organic detritus (e.g., leaves) to 
prevent excessive organic matter entering the wetland leading to anaerobic 
conditions.  Anaerobic conditions can lead to the undesirable speciation of some 
pollutants, reduce the efficiency of pollutant removal (e.g., nitrogen) and may also 
favour the dissolution of some pollutants back into the water column (e.g., 
phosphorus and some heavy metals).  This can be detrimental not only to the 
quality of water leaving the constructed wetland, but also to the health of the 
constructed wetland itself.  This zone is marked as “optional” (Figure 2-5) 
because it is often not necessary if the upstream GPT is sufficiently sized and 
designed to remove this type of detritus. 
 
Wetland zone 
 
The wetland zone is the final stage of the treatment train before the urban runoff / 
treatment water is released to the receiving waters (e.g., creek, stream, river, or 
lake).  It consists of a macrophyte bed and deep water pond. 
 
The macrophyte bed provides water quality improvement functions that cannot be 
achieved by the physical removal of detritus alone.  Primary functions are fine 
filtration, the removal of dissolved pollutants and the breakdown of organic 
molecules (mineralization) through a combination of physical, chemical and 
biological processes (Section 2.3.5).  This bed is usually buffered by some sort of 
“flow separator”, such as a rock weir, that slows water flow velocity entering the 
wetland zone and ensures water is distributed evenly across the macrophyte bed.   
 
The macrophyte bed should include the controlled release of water to the deep 
water pond.  This can be facilitated by an outlet structure that controls the rate of 
release as a function of water level in the macrophyte bed (Figure 2.7).  The 
release of water from a constructed wetland’s macrophyte bed outlet is crucial as 
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it affects detention time (i.e., the amount of time a given unit of water spends 
within the macrophyte zone) and water level fluctuations within the wetland 
(Water by Design 2006), which effects water quality performance and the general 
health of the wetland as an ecosystem.  In fact, poor design of outlets has, and 
continues to be, a major cause of poor constructed wetland performance.  Outlets 
that represent current best practice typically consist of a pit (usually concrete) that 
contains a simple riser pipe with several holes that facilitate flow discharge as a 
function of water depth in the wetland (Figure 2-7).  Importantly, good outlet 
designs will also include a means of draining wetlands in order to facilitate 
efficient maintenance and repairs.  
 
 
Figure 2-7: Typical outlet arrangement (Water by Design 2006).   
Note that this arrangement includes reticulation for draining the wetland.  This provision is 
extremely useful for maintenance and repair procedures that require access within the 
wetland.   
 
Current best practice suggests a deep water zone should also be included as a 
means of final treatment, or “polishing” (post macrophyte bed settling, oxidation 
of metals, and the breakdown of complex organic pollutants and disinfection via 
exposure to sunlight), and the controlled release of treatment waters.  The deep 
water pond should be sized such that the release of treatment water to the 
receiving waters mimics as close as practically possible the pre-development 
runoff (Figure 2-2).   
 
Flow bypassing 
 
Flow bypassing is designed to divert water over a given flow rate in order to 
protect the downstream components of the constructed wetland.  Its inclusion is 
important for the following reasons: 
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• Avoid mobilization / re-suspension of particulates. 
• Avoid damage to vegetation (including biofilms) within the wetland. 
• Protect assets and public safety by facilitating the rapid removal of water 
during high flow periods. 
 
Ideally, the bypass should be designed to bypass flows above the 1 in 1 year ARI 
(Water by Design 2006), however local climate and site constraint conditions may 
require some flexibility in this regard . 
2.3.4 Sizing of Modern Wetland Systems 
Wetlands are sized to achieve certain pollutant reduction targets.  Current best 
practice suggests that the following pollution reduction targets are practically 
achievable using current treatment wetland technology (DECC and CMA 2007): 
• 85% in the average annual total suspended solids load. 
• 65% in the average annual total phosphorus load. 
• 45% in the average annual total nitrogen load. 
 
Landcom (2009b) provides the most recent industry based publication on the 
sizing of wetlands in  the form of a sizing curves in Eastern and Western Sydney 
on the basis of a per hectare of contributing catchment (i.e., the size of the urban 
catchment being treated).  The curves illustrate the approximate size of the 
macrophyte zone area required for a constructed wetland to achieve the pollution 
reduction targets stated above.  Using the curve for Eastern Sydney (more closely 
reflects climate conditions in West Dapto), a macrophyte area of up to 5% is 
required to achieve these targets assuming the following: 
• Suitably sized GPT upstream of the wetland to provide efficient course 
sediment removal (or similar, e.g. a swale) 
• Sediment basin present at inlet (10% of the macrophyte zone area, pool 
depth of 2m). 
• Wetland average depth is 0.5m and has an extended detention depth of 
0.5m 
• Wetland has been sized to facilitate 72 hours of treatment water 
(stormwater) detention. 
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2.3.5 Ponds 
 
There exists some disagreement in the literature as to whether or not ponds should 
be included under the banner of “constructed wetlands”.  For example, Wong et 
al. (1999) argue that “it is more accurate and less confusing, both in general 
communications and in technical design”, if the term constructed wetlands does 
not include ponds.  In order to facilitate this exclusion, Wong et al. (1999) offer 
the following definition for a pond: 
 
“Pond is a term generally used to describe a small artificial body of 
open water such as a dam or small lake.  The pond edge may be 
fringed with emergent macrophytes.  While submergent macrophytes 
may occur throughout the water column, the dominant feature is open 
water.  Compared with wetlands, ponds are usually more permanent, 
deeper water bodies with narrow, steep edges.” 
 
However, for the purpose of this study, ponds are taken to be a type of constructed 
wetland.  This decision was taken because: 
 
(a) The literature reviewed as part of this study rarely differentiates water quality 
ponds from other constructed wetland configurations. 
(b) Most of the published definitions for constructed wetlands do not exclude 
water quality ponds. 
(c) The geochemical cycles / pollutant removal mechanisms described for 
constructed wetlands (Section 2.3.5) generally apply to water quality ponds. 
(d) Critiquing the design of ROB1 (and water quality ponds in general) is more 
meaningful when approached as a constructed wetland. 
 
As illustrated in Figure 2.8, water quality control ponds typically consist of an 
inlet (usually fitted with some form of GPT pre-treatment), flow diversion and 
high flow bypass, and an open water zone circumnavigated with macrophytes at 
the waters’ edge.  Also included in the design is an outlet structure that releases 
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water at various rates, depending on the surface level of the pond water, and a 
spillway as a failsafe to protect public safety and assets (usually residential 
homes) during extreme rain / flood events. 
 
When comparing a typical water quality pond style constructed wetland (Figure 
2-8) to a more modern configuration (Figure 2-5), some differences are evident.  
Perhaps the most obvious difference is the linear configuration of a modern 
constructed wetland that clearly separates specific stages of the water quality and 
quantity improvement processes.  For example, a modern constructed wetland 
strategically separates out coarse particle settling, filtration and pollutant removal, 
and final polishing and controlled treatment water release, in order to maximise 
the efficiency of each of these processes.  In contrast, water quality ponds tend to 
combine these.  However, most of the staple elements that are found in a modern 
constructed wetland are also found in a water quality pond.  For example, both 
utilise macrophytes for filtration and facilitating the complex biochemical process 
required to remove persistent pollutants.  Both also utilise storage capacity and 
controlled water release to optimise pollutant removal mechanisms and buffer 
runoff receiving waters against the dramatic impacts development can have on 
catchment hydrology (Breen et al. 2006).  Further, both can act has habitat 
“islands” for a range of flora and fauna, and add to the aesthetic values of the 
urban areas they occupy. 
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Figure 2-8: Conceptual diagram for a water quality pond (eWater 2009). 
This diagram has been modified to be consistent with the definition provided in 
Wong et al. (1999).  Note that the purpose of the “Flow Diversion” is to provide a 
means of diverting water flows during large rain events (typically > 1 ARI), 
whereas the spillway is designed as a failsafe to protect public safety and assets in 
an extreme rain event (e.g. a 1 in 100 year event, or probably maximum flood).   
This diagram should be compared to the concept diagram for a modern constructed 
wetland (Figure 2-5) and the water quality pond that is the subject of this study 
(Section 3.4.3).   
 
2.3.6 Mechanisms of Pollutant Removal in Constructed Wetlands 
 
The mechanisms that facilitate the improvement of water quality in wetlands 
(natural and constructed) are both complex and inter-dependent, and are not 
completely understood (Vymazal 2007; Kadlec and Wallace 2008; Lee et al. 
2009).  The following is a summary of current scientific understanding in relation 
to the processes involved in the removal of Priority Pollutants (Section 2.2.2), i.e. 
suspended solids, phosphorus and nitrogen (DECC 2009). 
2.3.6.1 Suspended Solids 
 
The removal of suspended solids from urban runoff is (or at least should be) a 
major design consideration of modern constructed wetlands due to the important 
direct and indirect environmental impacts suspended solids have on receiving 
waters (Section 2.2.4.2).  Constructed wetlands achieve suspended solid removal 
through a complex array of interdependent processes (Figure 2-9), some of which 
are still the subject of scientific study and conjecture.  All these processes are, 
more or less, affected by the energy associated with the water column (i.e. flow 
rate and turbulence). 
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Figure 2-9:  Illustration of the three mechanisms of filtration as proposed in Kadlec and 
Knight (2008f).   
Blue dots represent ultra-fine particles passing through the macrophyte bed of the wetland zone 
and their associated blue lines and text illustrate each of the three filtration processes affecting 
their removal.  Note that chemical precipitation is itself not a filtration process, however it is 
effect by this process and it also adds to the non-homogeneous nature of the fibre bed along 
with the various types of litter fall identified in this figure. (After: Kadlec and Knight (1996) 
and Kadlec and Wallace (2008f)). 
 
The removal of suspended solids can be generally divided into one of two over-
arching processes, i.e. (Kadlec and Wallace 2008). These are: 
• Sedimentation. 
• Filtration. 
Sedimentation is the processes of particulate settling and is achieved primarily 
through lowering water velocities (Kadlec and Wallace 2008) which facilitate 
gravity settling of particles.  Sedimentation rate depends on a number of factors 
including the size, shape, and density of the particle, and the energy associated 
with the water column itself (i.e., flow rate and turbulence).  Electrostatic 
attraction / repulsion is also important as particle size approaches colloidal 
behaviour (Scholz 2006).   
 
Sedimentation of larger particulate matter occurs mostly in the inlet zone where 
energy dissipaters and water detention ponds encourage reduced water column 
energy (Figure 2-5).  However, gravity facilitated sedimentation processes are 
often insufficient for the efficient removal of finer suspended solids, especially 
when electrostatic forces keep small particles in suspension (Brown et al. 1998).  
This is particularly problematic where colloidal material is present at the inflow, 
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such as catchments containing dispersive soils and / or very fine clay lithologies 
(Kadlec and Wallace 2008f). 
 
Filtration is the term generally used to describe the processes that remove finer 
suspended solids and is encouraged to occur in the macrophyte bed (Figure 2-5).  
According to Brown et al. (1998), the macrophyte bed provides stem surface area 
that trap fine material within their rough structure.  They also suggest that 
biofilms, which are encouraged by the presence of wetland vegetation, also 
facilitate the filtration of fine suspended particulates through the “release of 
organic flocculants and the trapping capacity of the biofilms themselves”.  The 
role of biofilms is also mentioned by Kadlec and Knight (2008f), where they point 
to studies that suggest biofilm ‘stickiness’ enables the removal of very small 
particulate matter in the order of 0.3-2.5 µm.   
 
Kadlec and Knight (2008f) go on to suggest that the “conventional wisdom” of 
filtration as a direct result of dense vegetation is “often not true in the usual 
sense”.  Rather, it is the trapping of sediments in the litter layer that enhances 
sediment removal as a consequence of the non-homogeneous “fibre-bed” created 
by benthic litter from macrophytes and microbiota.  They do, however, 
acknowledge that there are wetland circumstances for which the striking of 
particles against immersed objects and “sticking” may be a dominant mechanism 
and offer the following three mechanisms as how this might occur: 
• Inertial deposition or impaction, which is essentially a head on collision 
between a particle and stems with sufficient velocity to remain trapped on 
the stem rather than being dislodged and swept onward by the water 
current. 
• Diffusional deposition, which is a random process occurring at the micro-
scale (Brownian motion) or macro-scale (bioturbation) which move the 
particle to an immersed surface. 
• Flow-line interception, which refers to particles that move with the water, 
avoid head on collisions, but pass close enough to “stick” to a stem and its 
biofilm. 
43 
 
2.3.6.2 Nitrogen 
 
Nitrogen rich discharges are responsible for a variety of environmental problems 
(2.2.4.1), and therefore optimizing nitrogen removal is normally a critical 
objective of constructed wetlands (Lee et al. 2009).  Nitrogen removal is 
particularly important for the catchment in which this study was undertaken 
because it forms part of the watershed for Lake Illawarra which is known to be 
“nitrogen limited” (Qu et al. 2004). 
 
The wetland processes involved in the removal of nitrogen from urban runoff are 
numerous and complex, taking in physical, chemical and / or biological pathways 
that are not always direct (i.e., a given nitrogen atom may shift between organic to 
inorganic forms and back again several times before leaving the wetland system).  
The degree to which each process contributes to nitrogen removal is also highly 
variable.   Further, some processes, in themselves, do not directly lead to the 
permanent removal of nitrogen, but do contribute to an important chain of 
transformations that facilitate this removal.  Wetland plants (macrophyte bed, 
Figure 2-5) play a significant role in boosting treatment water nitrogen removal in 
constructed wetland ecosystems (Brown et al. 1998; Vymazal 2011).  They 
provide substrate for biofilm attachment (stems, leaves, roots, etc.) which allows 
for increased nitrification.  Further, plant roots supply oxygen to the root zone 
which creates a juxtaposition of aerobic sediments alongside anaerobic sediments.  
These factors facilitate many of the complex biochemical and physiochemical 
processes that mineralise organic nitrogen which are essential for the removal of 
nitrogen from urban runoff (Brown et al. 1998). 
 
The mechanisms responsible for the ultimate removal of nitrogen from treatment 
waters are well covered in the literature.  Some of the more important nitrogen 
transformations are summarised in Table 2.2 and illustrated in Figure 2.10.   
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Figure 2-10: Diagrammatic illustration of the nitrogen cycled (emphasizing nitrogen 
removal processes).   
SON refers to soluble organic nitrogen.  Note that this diagram is for illustration purposes only 
and, in reality, the aerobic zone (depicted inside blue dashed line) would be a thin micro-layer 
around the sinuous roots and rootlets of the rhizome. For more detailed explanation of processes, 
please see text below and Table 2.3 above (Brown et al. 1998; Vymazal 2007; Kadlec and 
Wallace 2008b; Lee et al. 2009; Selba 2011; Vymazal 2011). 
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Table 2.2: Nitrogen transformations in constructed wetlands.   
All processes marked with an asterisks end with nitrogen removal from the treatment water (urban runoff). Refer also to Figure 2-10. 
Process Transformation Relative importance 
to nitrogen removal 
Mechanism Summary References 
Ammonia Volatilization* Ammonia-N (aq) → ammonia-N(g) Medium Loss of nitrogen from wetland system as a consequence 
of the volatilization of un-ionised ammonia to the 
atmosphere.   
Kadlec and Wallace (2008b); 
Vymazal (2007); Stowell et 
al. (1981). 
Ammonification# Organic-N → ammonia-N High Mineralization of organic-N via biological driven 
processes.  Conversion of organic-N via such processes 
can be as high as 100%.   
Bishay and Kadlec (2005); 
Vymazal (2007); Kadlec and 
Knight (1996). 
Nitrification# Ammonia-N → nitrite-N → nitrate-N Medium Oxidation of ammonia-N to nitrate (NO3-) with the 
formation of nitrate (NO2-) as an intermediary.  Process is 
driven by anaerobic and chemolitrotrophic bacteria.  Both 
steps require oxygen to proceed.   
Bishay  and Kadlec (2005); 
Kadlec and Wallace (2008b); 
Lee et al. (2009); Vymazal 
(2007). 
Nitrate-ammonification Nitrate-N → ammonia-N Uncertain Conversion of nitrate-N to ammonia-N by anaerobic 
bacteria 
Kadlec and Wallace (2008b). 
Denitrification*,# Nitrate-N → nitrite-N → gaseous N2, 
N2O 
Medium Anoxic conditions in the wetland’s benthic environment 
result in the conversion of nitrate to gaseous forms of 
nitrogen which a released the atmosphere.  Process is 
bacteria driven and requires an organic substrate to 
proceed. 
Vymazal (2007); Brown et 
al.(1998); Lee et al. (2009). 
N2 Fixation Gaseous N2 → ammonia-N (organic-
N) 
Uncertain Incorporation of atmospheric nitrogen into the wetland 
system, either by direct diffusion into water column or via 
intake by wetland vegetation, and subsequent conversion 
to ammonia-N.  This process prevails when nitrogenase is 
prolific in the wetland system, typically when dominated 
by cyanobacteria mats.  Oxygen saturated treatment 
waters helps to reduce excessive fixation of nitrogen. 
Kadlec and Wallace (2008b); 
Vymazal (2007); 
Santruckova et al. (2010). 
46 
 
Process Transformation Relative importance 
to nitrogen removal 
Mechanism Summary References 
Assimilation 
(Plant/microbial 
uptake)*,a 
Ammonia-, nitrite-, nitrate-N → 
organic N 
Low A variety of biological processes that convert inorganic 
nitrogen forms into organic forms.  Typically, the 
inorganic forms utilised are ammonia and nitrate.  
Macrophytes are an important assimilation repository, but 
microbiota also act as biological repositories for nitrogen 
assimilation.  Assimilation is generally not a major vector 
for the long term / permanent removal of nitrogen from 
treatment water. 
Lee et al. (2009); Brown et 
al. (1998); Vymazal (2007); 
Duran-de-Bazua et al. 
(2008); Kadlec and Wallace 
(2008b); Zemanova et al. 
(2010). 
Ammonia Sorption Ammonia-N (aq) → Organic or 
inorganic Ligand ammonia-N (s)  
Very low Ionised ammonia is able to sorb to organic and inorganic 
substrates by participating in cation exchange.  Most is 
desorbed into pore waters and returned to the wetland 
nitrogen cycle, however some becomes buried, and 
providing long term storage in the benthic sediments of 
wetland.    
Kadlec and Wallace (2008b); 
Lee et al (2009). 
Organic nitrogen burial* Not applicable Low Some fractions of more recalcitrant organic-N may 
eventually become removed from the wetland N-cycle 
through the process of peat formation.  However, this 
process is not considered to be significant in the overall 
scheme of nitrogen cycling. 
Vymazal (2007). 
ANAMMOX (anaerobic 
ammonia oxidation)* 
Ammonia-N → gaseous N2 Uncertain A two-step bacteria driven process in which ammonia 
oxidizing bacteria partially oxidise ammonia to nitrite and 
the “ANAMMOX bacteria” use nitrate to oxidise the 
remaining ammonia directly to nitrogen gas, which is 
then released to the atmosphere (detailed biochemistry is 
still a matter of scientific investigation).  The process is 
autotrophic, uses much less oxygen than nitrification and, 
unlike denitrification, requires no organic carbon. 
Wallace and Austin (2008); 
Kadlec and Wallace (2008b); 
Vymazal  (2007); Lee et al. 
(2009). 
*-These processes end with nitrogen removal from the urban runoff. 
a-Nitrogen only removed by plant uptake, and only if harvesting is practiced which is not usually cost effective (Section 2.3.6). 
#-dominant transformation processes. 
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2.3.6.3 Phosphorus 
 
The forms that are typically used to delineate the states in which phosphorus occur 
in wetland systems are provided in Table 2.3.  These forms have evolved as 
consequence of the methods of analysis used in wetland science (Kadlec and 
Wallace 2008d). 
Table 2.3: Forms of phosphorus in the wetland environment (Kadlec and Wallace 2008d). 
Dissolved forms (0.45µm filtered sample). 
• Orthophosphate (PO4-P)*. 
• Condensed phosphates (primarily pyro-phosphate, meta-phosphate and poly-
phosphates). 
• Soluble reactive phosphorus or SRP (PO4-P together with some condensed 
phosphates). 
• Total dissolved phosphorus or TDP (Phosphorus that is convertible to PO4-P 
upon oxidative digestion). 
• Dissolved organic phosphorus or DOP (Phosphorus other than SRP that is 
convertible to PO4-P upon oxidative digestion, i.e. TDP – SRP). 
Dissolved plus associated suspended solids (i.e. those procedures performed above 
but unfiltered). 
• Total reactive phosphorus (TRP). 
• Total acid hydrolysable phosphorus (TAHP). 
• Total phosphorus (TP). 
• Total organic phosphorus (TOP = TP – TAHP). 
• Particulate Phosphorus (PP = TP-TDP). 
Sorbed to the surface of soil particles. 
• Phosphorus removed from particles using an extractant such as water, or 
solutions such as KCl or bicarbonate. 
Contained in the structure biomass. 
• Total phosphorus found by analysing for PO4-P in digests of biomass samples.  
May involve dry or wet ashing followed by re-dissolution. 
Contained in the structure of soil particles. 
• Removal of phosphorus via solubilisation using harsh extracts such as: 
- Sodium hydroxide (NaOH) – extracts represent phosphorus associated 
with iron and aluminium minerals, and the balance is organic-P 
associated with humic and fulvic acids (TR-SRP). 
- Hydrochloric acid (HCl) – extracts represent calcium bonded 
phosphorus. 
• Total soil phosphorus may be found by analysing for PO4-P in digestions of 
soil samples.  Digestion may involve dry or wet ashing, followed by re-
dissolution. 
* - Free orthophosphate is the only form of phosphorus thought to be directly utilised by aquatic vegetation 
and microbiota and is therefore a major link between organic and inorganic phosphorus cycling in wetlands. 
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The removal of phosphorus from urban runoff occurs as a consequence of the 
wetland phosphorus cycle (Figure 2.11).  Primary mechanisms leading directly to 
the removal of phosphorus from the entrained water are (Brown et al. 1998; 
Kadlec and Wallace 2008d): 
• Adsorption / absorption (sorption). 
• Filtration. 
• Sedimentation. 
• Burial. 
 
Other mechanisms that also contribute to the removal of phosphorus are 
assimilation / uptake, and complexation / precipitation (Brown et al. 1998). 
 
 
Figure 2.11: Diagrammatic illustration of the phosphorus cycle (emphasizing removal 
processes).   
(Brown et al. 1998; Kadlec 1999a; Vymazal 2007; Kadlec and Wallace 2008d; Vymazal 2011). 
Note that the diagram shows volatilization as a mechanism for the loss of phosphorus from the 
wetland system.  According to Kadlec and Knight (2008d), the importance of this mechanism 
remains to be defined.  For definitions of acronyms, refer to table 2.4). 
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Sedimentation and filtration 
 
Sedimentation and filtration can be a major factor in the removal of phosphorus 
from urban runoff provided the constructed wetland treatment train provides 
opportunity for particulate settlement (e.g., inlet zone with energy dissipating 
basin as illustrated in Figure 2-5).  Providing that phosphorus sorbed to the 
particulate matter remains insoluble, the associated phosphorus will be retained 
within the wetland, thereby affecting phosphorus removal from treatment waters 
(urban runoff).  However, if the particulates are organic in nature, the phosphorus 
may eventually be released as a consequence of decomposition or, in the case of 
mineral bound phosphorus, may be released into the water column under 
anaerobic conditions (Brown et al. 1998).  For details on the mechanisms of 
sedimentation and filtration, refer to Section 2.2.4.1. 
 
Adsorption / absorption (collectively “sorption”) 
 
Adsorption is the process of the movement of soluble inorganic phosphorus from 
soil pore-water to soil mineral surfaces via electrostatic attraction (Brown et al. 
1998; Bailey et al. 2002; Vymazal 2007) .  The ability of soils / sediments to 
adsorb is generally associated with clay content (Vymazal 2007) due mostly to the 
high order magnitude increase in available surface area (and therefore sites) 
available for binding.  However, the number of sites available is finite (Brown et 
al. 1998), hence it is possible for soils / sediments to become saturated with 
phosphorus.     
 
“Absorption” is the process whereby phosphate slowly penetrates into the solid 
phase (Vymazal 2007) of a particle.  While this process is much slower than 
adsorption, and occurs as a second stage process to adsorption, phosphorus that 
has moved into the solid phase is more resistant to dissolution into surrounding 
pore-water.  These processes together (i.e. adsorption and absorption) form the 
two stage process of the dissolution of dissolved phosphorus referred to as 
“sorption” (Kadlec and Wallace 2008d).   
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“Desorption”, or the release of phosphorus back into pore-water, is the reverse of 
sorption.  Changes in the benthic environment of a wetland, such as 
deoxygenating due to stratification of the water column, can cause phosphorus 
desorption, which in turn leads to increasingly acidic water (due to increasing CO2 
concentration) and anaerobic conditions in the litter, sediment and underlying 
wetland soil (Brown et al. 1998).   In such situations, metal mineral phosphates 
(e.g. Fe(III) and Mn(IV)) are reduced, become significantly more soluble and, as a 
consequence, move into the water column and, in so doing, release their 
associated phosphate ions back into the water column (Brown et al. 1998; 
Vymazal 2007).   
 
Assimilation / uptake 
 
Assimilation of phosphorus via wetland biomass (e.g., macrophytes, microbes, 
algae) is necessary for maintaining life (Kadlec and Wallace 2008b).  Wetlands 
plants take up phosphorus and assimilate it into their cells, and redistribute 
phosphorus to the benthic environment as litter (Brown et al. 1998).  Phosphorus 
is also assimilated by microbial and algal populations for the same reasons, which 
also move through the cycle of growth, death and decay.  Hence, assimilation of 
phosphorus provides a short to medium term phosphorus sink within the wetland 
systems, as well as a means of cycling phosphorus within the wetland system, 
thereby enabling other processes such as accretion, sedimentation and burial to 
facilitate long term / permanent storage / removal of phosphorus.  
 
Complexation / precipitation 
 
Cations such as calcium, magnesium, aluminium and iron dissolved in treatment 
water can form complexes with phosphorus which, once formed, can co-
precipitate with other minerals (Brown et al. 1998).   An important factor 
controlling when and what types of complexes form is pH, with low pH (acidic) 
conditions favouring co-precipitation with aluminium or iron, and higher pH 
(alkaline) conditions favouring co-precipitation with calcium and magnesium 
(Brown et al. 1998).  
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Burial 
 
Burial of phosphorus refers to the processes whereby detritus (organic and 
inorganic) is permanently removed from the treatment waters and the constructed 
wetland system as a whole.  This process is a function of sedimentation and burial 
of organic and inorganic material that results in it no longer being available to the 
wetland system.  It can occur as a consequence of settling out of suspended 
material brought into the wetland system by urban runoff.  It can also occur as a 
consequence of “accretion” (Vymazal 2007).  Accretion is the creation of new, 
stable phosphorus containing residuals which then “accrete” in the wetland (e.g. 
apatite), and is one of the least studied aspects of pollutant transfer in constructed 
wetlands (Kadlec and Wallace 2008e).  When such residuals are the consequence 
of wetland biological processes (i.e., assimilation of phosphorus by wetland 
vegetation or micro-organisms, then subsequent litter fall and decomposition), soil 
and peat accumulation via burial can provide a long term phosphorus sink.  
Similarly, complexation of dissolved phosphorus and its subsequent co-
precipitation can also result in the burial of phosphorus in constructed wetland 
systems (Vymazal 2007).   
 
According to Kadlec and Knight (2008d), accretion and burial is important for the 
ongoing (sustainable) net removal of phosphorus from the wetland system as, 
even though the majority of organic detritus decays and releases its phosphorus 
back to the wetland system, 10-20% of long term storage is attributed to this 
mechanism. 
 
Importance of each mechanism to phosphorus removal 
 
During the early stages of constructed wetland operation, benthic antecedent (pre-
existing) soils tend to play a lead role in the net removal of phosphorus via 
sorption (Kadlec and Wallace 2008d), but this storage system has a lifetime 
typically measured in months, after which no net removal is achieved via this 
mechanism.  Biomass (macrophyte, algae and microbes) then takes over, and 
continues to be the major contributor to net phosphorus storage for as little as one, 
or as long as six, years following the establishment of a constructed wetland.  
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Once these mechanisms become saturated, the accretion of recalcitrant (tightly 
bound) residuals provides the primary means for ongoing net retention of 
phosphorus within the wetland (Kadlec 1999a; Kadlec 1999b). 
 
2.3.7 Impact on Performance as Wetlands Age 
 
The ability of constructed wetlands to reduce nitrogen and phosphorus in 
treatment waters may change as the newly constructed wetlands mature and age 
(Gottschall et al. 2007), and here is some concern that treatment efficiencies will 
generally decrease as constructed wetlands age.  Some of the possible causes that 
have been put forward to explain this include (Kadlec and Wallace 2008d): 
• Build-up of sediments in settlement zones which impact on retention time 
and hydraulic flows within a given wetland (e.g. short-circuiting), and 
these may also become re-suspended under high flow energies. 
• Saturation of sorption sites on benthic soils / sediments (predominately 
related to phosphorus) 
• Slow-down in primary growth of macrophytes coinciding with the 
establishment of a mature nutrient cycle (i.e. growth, death and decay). 
• Build-up of antecedent pollutants in wetland sediments and biota (i.e. 
import of nitrogen and phosphorus from previous events) that may be 
released gradually or sporadically depending on wetland conditions, 
pollutant inputs and hydraulic loading.    
 
It is, however, important to note that there remains some conjecture in the 
literature as to whether or not reduced treatment efficiency is generally applicable 
to constructed wetlands, particularly where nitrogen is concerned.  To illustrate, 
Gottschall (2007) argue that whilst phosphorus removal may drop off after the 
sorptive capacity of benthic soils becomes saturated, nitrogen removal may 
increase as vegetation becomes established and enough carbon builds up for 
effective denitrification.   
 
This lack of clarity appears to be not only a function of a lack of long-term 
studies, but also exactly what is meant by “long-term”.  For example, Kadlec and 
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Wallace (2008d) refer to studies conducted over periods as long as 30 years, 
whilst others draw their findings based on studies covering much shorter time 
periods such as seven years  (Mustafa et al. 2009); five years (Dong et al. 2012) 
and as little as 3 years (Hijosa-Valsero et al. 2012).   
 
The apparent lack of long-term wetland studies, along with a lack of consistency 
in the methods used to estimate the performance of wetlands generally (Section 
2.4.5) presents potentially serious problems regarding the use of constructed 
wetlands for urban stormwater treatment (or other similar use).  This includes 
some of the most important industry standards underpinning the performance 
expectations and design of modern constructed wetlands, such as industry 
accepted water quality improvement targets (Section 2.3.4) and modelling 
software such as MUSIC. 
2.3.8 Implications for Design, Operations and Maintenance 
 
Understanding the removal processes of target pollutants is critical for optimizing 
the design of constructed wetlands, as well as development of operation and 
maintenance regimes.  While much work has been undertaken in developing our 
understanding of these processes, the need to continue this research remains 
because many processes; such ANAMMOX, phosphorus volatilization, and the 
mechanisms of fine particle filtration; are not fully understood.  Further, there 
always exists the possibility of new mechanisms being discovered. However, the 
mechanisms summarised above do provide a wealth of information that can be 
used to inform wetland design, and construction and maintenance regimes.  These 
include staggered flow control throughout the treatment train, facilitating the 
entrainment of oxygen within the treatment water (urban runoff), optimizing 
macrophyte function, optimizing operational cleaning (GPT and sediment basin), 
and the ongoing challenge of making monitoring more meaningful. 
 
It should be noted that the following is not intended to be a detailed recital of 
current best practice design, and operation and maintenance regimes (this is well 
covered in other reports and manuals such as Landcom (2009d) and (2009b), and  
Water by Design (2010) and (2006)).  Rather, it is meant to illustrate a point, i.e., 
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the importance of improved understanding of pollutant removal mechanisms in 
constructed wetlands. 
 
Perhaps the most important parameter effecting constructed wetland function is 
water flow rate (Lee et al. 2009).  Optimizing wetland function is intrinsically 
linked to optimizing the rate of flow through the wetland, and optimizing this flow 
is a balancing act between throughput of treatment water and facilitating the 
processes that drive pollutant removal.   For example, while reducing flow rates 
facilitates sedimentation and filtration processes, reducing them too far reduces 
the volume of water that can be treated, thereby reducing the total annualised 
pollutant load reduction achievable for a given wetland.  Low flow rates may also 
affect oxygen availability reducing, for example, nitrification processes.  The key 
to maximising wetland efficiency may lie in multiple flow control points 
throughout the treatment train.  Using Figure 2-5 to illustrate, flow control 
structures (e.g., weirs or flow rate outlet structures) can be placed between the 
sediment basin and the macrophyte bed, between the macrophyte bed and the deep 
water pond, and between the deep water pond and the outlet to receiving waters.  
For example, the sediment pond is designed to remove larger sediment particles, 
whereas the macrophyte bed is designed to remove much finer particles that, due 
to their size and electrostatic interactions, will not settle out quickly under gravity 
alone.  Hence, it is feasible to allow higher flow rates to pass through the sediment 
basin than the macrophyte bed.  Installing, for example, a weir between the 
sediment basin and the macrophyte bed could improve sediment removal for 
larger events without negatively impacting on the macrophyte bed function (i.e., 
excess flows can be diverted / bypassed around the macrophyte bed by the weir).  
Installing another flow control outlet structure between the macrophyte bed and 
the deep water pond provides a high level of water flow and level control to the 
macrophyte bed, facilitating macrophyte bed pollutant removal processes (flow 
rate / retention time) whilst providing water level fluctuations that benefit 
macrophyte health.  Another flow control structure at the outlet to receiving 
waters provides yet another opportunity to maximise the benefits of a constructed 
wetland as it allows the utility of the deep water pond to include the controlled 
release of water from the treatment train that more closely reflects pre-
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development hydraulic regimes, thereby maintaining the hydraulic ecology of the 
receiving waters and preventing accelerated channel and bank erosion.   
 
Maintaining oxygen levels in the water column and benthic environment is crucial 
for maintaining pollutant removal efficiency throughout the life of a constructed 
wetland.  For example, insufficient oxygen can lead to the mobilization of 
phosphorus and metals stored in sediment sinks.  Also, because ammonification 
occurs fastest in oxygenated zones and is kinetically faster than nitrification (Lee 
et al. 2009), reduced oxygen availability has major implications on the removal of 
nitrogen from the wetland system.  In order to improve the dissolved oxygen 
content in some wetlands, aeration pumps (“artificial aeration”) have been used 
successfully in some wetlands (Quellet-Plamondon et al. 2006; Maltais-Landry et 
al. 2007; Tang et al. 2008; Maltais-Landry et al. 2009).  However, artificial 
aeration adds to the running costs of these wetlands because the infrastructure 
used requires an energy source, and also needs to be maintained.  Designing 
constructed wetlands’ that enhance oxygen dissolution into treatment waters may 
help to alleviate this problem.  For example, the transition between each treatment 
(Figure 2-5) provides an opportunity to utilise the flow energy of the treatment 
water itself to facilitate oxygen dissolution.  This could be achieved by including 
small waterfalls and / or rip-rap features that encourage oxygen entrainment whilst 
providing an opportunity to add to the aesthetic appeal of the wetland.     
 
Optimizing macrophyte function is another balancing act facing designers and 
operators of constructed wetland treatment trains.  Part of this involves optimizing 
flow rates and oxygenation of treatment waters already discussed above.  
Maintaining the optimal macrophyte density is another challenge that begins at the 
design stage, and continues as an operational issue throughout the life of the 
wetland.  Too dense, and the wetland runs the risk of being “swamped” by excess 
organic detritus, leading to high oxygen demand for decomposition, resulting in 
oxygen being taken away from pollutant reduction processes.  Not dense enough, 
and the wetland benthic environment suffers from insufficient oxygen cycling into 
the benthic environment, creating essentially the same problem.  Allowing aquatic 
plant density to change significantly can also confound designed flow regimes, 
and therefore retention times, which can, in turn, affect pollution reduction 
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efficiencies.  Hence, wetlands not only need to be designed with an appropriate 
macrophyte density, but also require ongoing inspection and maintenance to 
ensure excessive macrophyte growth and / or invasion of other aquatic species 
(e.g. parrots feather), do not end up ‘choking’ the wetland.   
 
While some studies have suggested that macrophyte harvesting is viable means of 
contributing to a net nutrient load reduction (Gophen et al. 2003; Alvarez and 
Becares 2008), plant harvesting is generally not considered suitable / cost 
effective for reducing nutrient loads.  This is because macrophyte assimilated 
nitrogen accounts for only about 5-10 % of the wetland nitrogen (Lee et al. 2009).  
Similarly, the assimilation of phosphorus by macrophytes represents only about 
10% of the annual P budget (Kadlec and Wallace 2008d).  Further, harvesting of 
macrophytes is a labour intensive exercise, often requiring expensive mechanical 
equipment, and leaves the operator with the problem of disposing of harvested 
biomass (Kadlec and Wallace 2008d). 
 
Another important aspect of wetland function is the regular removal of pollutants 
and detritus from GPTs and sediment basins.  New generation GPTs such as 
continuous deflection separation CDS devices and well sized sediment basins can 
be very effective at removing solids from treatment waters.  However, they can 
also quickly become ineffective if they are not regularly emptied / cleaned and, if 
left long enough, they can also become a source of pollution themselves.  GPTs 
that maintain a wet sump can potentially be a source of pollutants if not cleaned 
after a rain event long enough to create anaerobic conditions within the sump 
(Abood and Riley 1997; Walker et al. 1999).  Similarly, the potential for the 
release of phosphorus and some metals is also a possibility if the benthic 
environment of sediment basins becomes anoxic.  To address this, Abood and 
Riley (1997) recommended that GPTs and sediment basins be emptied no later 
than 30 days after a rain event.  However, it is noted that such regularity can be 
very costly, and often unaffordable (Powell 2013).  Consequently, cleanout 
frequencies of three months or longer are more common.  Hence, when selecting a 
GPT type and size, consideration should be given not only to performance, but 
how often cleaning would be required, and how difficult this would be (this 
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should apply to not just to GPTs, but the selection and design of the whole of the 
treatment system).   
 
2.3.9 Implications for Performance Monitoring 
 
Monitoring constructed wetland operation is crucial for ongoing  research into 
wetland performance, which in turn is important for improving and assessing 
wetland designs (Kadlec and Wallace 2008).  Monitoring is also an essential part 
of an operation and maintenance strategy as site specific constraints such as 
climate, the presence and / or absence of groundwater, location, and surface water 
type “will all affect wetland operation and maintenance”  (Vymazal 2007; 
Ecological Engineering 2009).  In order to make the most of monitoring data over 
the life of a given constructed wetland, it is recommended that a performance 
baseline be established by conducting monitoring shortly after a constructed 
wetland is established.  For example, in the case of a wetland constructed to treat 
urban runoff in a new development, this would begin after 80% of the proposed 
development within its treatment catchment has been completed.  Monitoring 
would then continue for the life of the system on a periodic basis (e.g., every five 
years) and results compared to this baseline to establish changes in performance. 
 
It should be noted that much of the theory and modelling underpinning the 
development of wetland design, as well as operation and maintenance regimes, is 
based on scientific investigation developed over many decades.  These theories 
(e.g., biogeochemical cycles) and models have been developed by combining 
scientific knowledge based on laboratory and in-situ experiments that have often 
focused on very specific aspects of the physical, chemical and biological functions 
that occur in natural and constructed wetlands.  Further, scientific theories that 
describe relationships in other environments (e.g., sorption theory in soils) have 
also been drawn on.  While these theories and models are enormously helpful in 
informing the design of constructed wetlands, and the development of operational 
and maintenance regimes, it is important to keep in mind that these theories and 
models are just that, and should not be used as the ultimate measure for testing 
performance because: 
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• Individual theories and simple models are often based on varying 
assumptions and uncertainties (e.g., concerns regarding the accurate 
determination of the solid settling velocity parameter (w) for the w-C* 
model of particulate settling (Kadlec and Wallace 2008f)). 
• Complex models used to inform constructed wetland design by modelling 
a range of wetland and catchment variables and mechanisms (e.g., 
MUSIC) combine many simpler models and their associated assumptions, 
therefore increasing their overall uncertainty. 
• Complex models are often based on very limited calibration data (e.g., 
MUSIC, which is currently widely used in Australia (Duncan and Fletcher 
2006). 
 
Consequently, the true performance of any particular design, or any operation and 
maintenance practices, can only be determined by conducting in-situ performance 
monitoring.  However, conducting such monitoring is much easier said than done.  
For example, it is not enough to simply measure concentrations of a given 
pollutant at the inlet and outlet of a constructed wetland as the “actual 
performance of the wetland can only be evaluated using pollutant loads, as 
concentration data can be misleading” (Beharrell et al. 1998; Water by Design 
2006).   
 
This situation significantly complicates any performance monitoring program as it 
necessarily requires factoring in flow rates which can vary dramatically in a given 
rain event, particularly in urban catchments with high proportions of impermeable 
surfaces.  Coupling this with multiple pollution sources (Section 2.2), the 
importance of which may vary depending on factors such as rainfall intensity, 
cumulative flow, the saturation of permeable surfaces, and topography makes 
measuring pollutant concentrations at sufficient resolution to accurately determine 
loads a complex and expensive problem.   
 
This study attempts to provide some insights and answers to this conundrum.   
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2. 4 Similar Research 
 
This section first provides an outline of contemporary science in relation to 
determining in-situ wetland performance regarding their nutrient and suspended 
solid removal efficiencies.  It then reviews studies published in the last decade 
that have attempted to quantify removal efficiencies, including a critique of these 
studies and the implications of the status quo.   
 
Note that the term “removal efficiency” or “performance” refers to the ability of a 
given wetland treatment system to reduce pollutants in treatment waters (e.g. 
urban runoff) and is typically expressed as the percentage difference between the 
inlet and outlet load for a given pollutant.  
 
 
  
2.4.1 Nutrient Retention and Removal by Wetlands 
 
The general consensus is that wetlands do retain nutrients.  Fisher and Acreman 
(2004) reviewed 57 studies on the removal efficiencies of various wetlands,  This 
review generally supported the consensus.  However, the load reductions reported 
by the 57 studies varied significantly, ranging between 100% reductions of N and 
P to only 1% for N and 5% for P.  In addition, a small proportion reported a net 
export of nutrients to receiving waters, and that these increases where two or three 
fold of influents.  Further, increases in N were predominately a function of 
dissolved N rather than total or particulate N.   
 
Factors contributing to nutrient retention were also investigated by Fisher and 
Acreman (2004), and the most common factors are illustrated in Figure 2-11.  Note 
that benthic sediment oxygen availability is a grouping of a number of factors that 
relate to the status of the sediment in relation to oxygen availability.  This 
grouping includes redox measures and the degree of water-logging (particularly in 
relation to N retention), and the binding capacity of Fe and Al with P 
(mechanisms covered in sections 2.3.5.2 and 2.3.5.3 respectively).  Vegetation 
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processes include direct influences such as nutrient uptake and release via 
decomposition), as well as indirect influences such as vegetation effects on 
sediment composition.  Note that flow volume, retention time and vegetation 
processes were important to both N and P removal efficiencies, whereas 
fluctuating water height was only important to N removal mechanisms (i.e., 
nitrification-denitrification processes).  Of the 57 studies reviewed by Fisher and 
Acreman (2004), no statistically significant relationship between inflow 
concentrations of N or P and removal efficiencies was found.  
 
 
Figure 2-11: Factors commonly quoted as being of importance to nutrient retention or 
reduction in wetlands (Fisher and Acreman 2004). 
 
2.4.2 Suspended Solid Retention by Wetlands 
 
The suitability of constructed wetlands for retaining suspended solids is also 
generally accepted (Kadlec and Wallace 2008f).  However, like nutrients, reported 
removal rates are also highly variable.  In the research articles reviewed for this 
study, the highest reported reduction efficiency was 96% (Schaafsma et al. 1999), 
whereas the lowest was 58% (Carleton et al. 2000).  The primary processes 
thought to be responsible for the removal of suspended solids are sedimentation 
and filtration (Section 2.3.5.1). 
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2.4.3 Lingering Unknowns 
 
While in the previous sections it was stated that the suitability of wetlands for 
removing nutrients and suspended solids is generally accepted by the scientific 
community, there still remains some conjecture as to just how well they perform 
this task.  Some of the reasons for these concerns / issues are discussed in 
Goonetilleke et al. (2005), and their work is summarised below (unless otherwise 
cited). 
 
The current state of knowledge regarding process kinetics of pollutant build-up 
and wash-off is extremely limited (Section 2.2.5).  This is because the generation 
and transport of pollution in urban systems during a storm event is dependent on 
multiple and often interrelated mechanisms, as well as local catchment and 
climatic conditions, that work across spatial and temporal scales.  Wetland 
processes are similarly complex and still the subject of scientific investigation 
(Section 2.3.5).  Consequently, the catchment and wetland processes do not lend 
themselves to simple mathematical modelling and, when such models are adopted, 
the potential of gross error exists. 
 
While constructed wetlands are a commonly adopted measure for treating 
stormwater, limitations do exist.  Land availability restricts the volume of water 
that can be treated and the efficiency in quality improvement is not completely 
proven, particularly where fine sediment and dissolved nutrient removal is 
concerned.  There also remains uncertainty as to the long term performance of 
wetlands due to a lack of long term studies (Mungasavalli and Viraraghavan 2006; 
Kadlec and Wallace 2008a). 
 
It should also be noted that many urban water quality studies have attempted to 
relate land use to pollutant loadings, however outcomes have been far from 
conclusive. While qualitative relationships are generally evident, statistically 
significant relationships are yet to be adequately resolved.  This situation is 
particularly problematic for software that relies on such relationships for 
modelling runoff pollution characteristics in urban catchments. 
 
62 
 
2.4.4 Methodologies for Performance Measurement – A Critique 
 
It is widely recognised that quantifying pollutant removal from treatment waters 
by constructed wetlands is an important scientific and environmental component 
for the development and ongoing management of this and other types of water 
quality improvement infrastructure (Scholz 2006).  However, as outlined in the 
previous section, quantifying pollutant removal of full scale operational 
constructed wetlands presents some significant challenges. 
This section reviews ten studies derived from a multiple database search (Table 
2.4).  Studies chosen were those that attempted to quantify nutrient and / or 
suspended solid removal efficiencies and were also published during the last 
decade (2000 – 2010).  This was done to provide some insight into how recent 
studies have determined removal efficiencies and any implications this might have 
(Table 2.5). 
 
Table 2.4:  Database searches that identified the studies provided in Table 2.5.   
The search engine Summons is a wide ranging search engine that interrogates a large majority of 
the University of Wollongong’s available databases and Library catalogue.  However, this facility 
does not cover all material; hence Scopus (which includes Science Direct) and Web of Science 
search engines were also interrogated.  Note that only studies that attempted to infer pollutant 
reduction efficiencies were used.   Note also that the total number of “used” studies exceeds the 
number presented in Table 2.6.  This is because some articles appeared more than once during the 
various searches. 
Title Search Keyword search hits / used 
Search Engine: Summons 
Constructed wetland urban runoff Performance monitoring 2 / 1 
Constructed wetland  Performance monitoring 50 / 8 
Constructed Wetland urban Blank 41 / 3 
Constructed Wetland Urban runoff 36 / 3 
Search Engine: Scopus 
Constructed Wetland Urban runoff 42 / 2 
Search Engine: Web of Science 
Constructed Wetland Urban runoff 11 / 4 
 
Table 2.5 reveals a high degree of variability in reported pollutant reduction 
efficiencies.  For example, Dong et al. (2011) report removal efficiencies as high 
as 96% for both TN and TSS, whereas Farrell and Scheckenberger (2003) report 
TN removal efficiencies of just 13%, and Carleton et al. (2000) report a TSS 
removal efficiency at just under 60%.  Reported removal efficiencies for TP are 
even more variable, with the most efficient being 86.5% (Fan et al. 2009) 
compared to a net two fold export reported by Tanner et al. (2005).   
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Much of this disparity can be explained by pointing out the multitude of 
difference in site features described in each article.  Most of these differences are 
related to one or more of the following general areas: 
 
• Wetland designs. 
• Treatment water source (e.g. urban runoff, or treated or untreated sewage). 
• Climatic conditions. 
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Table 2.5: Snapshot of similar studies over the past 10 years.   
This table provides a summary of studies that determined the performance (removal efficiencies) of constructed wetlands for TN, TP and / or TSS.  The percentage reduction 
is the difference between the inlet and outlet of a given wetland expressed as a percentage of the inlet.  The column labelled “Load” states whether or not performance 
reductions were based on load (“yes”) or just concentration (“no”).  Reported removal efficiencies in parentheses and bold font indicate a net export to receiving waters.   
Removal efficiencies presented in bold and within parenthesis represent a net export was estimated. 
Study Nature of treatment water 
and wetland 
Methods Statistical Analysis Load 
based? 
Reported removal 
Efficiency (%)  
Comments 
(Carleton et al. 2000) Treatment water: urban runoff from 
residential townhouse complex in 
northern Virginia.  Catchment area = 
1.3 ha. 
Wetland: converted dry detention 
basin, retrofitted with weir system 
and macrophytes.  Permanent water 
storage of 8.58m3. 
 
Flow weighted composite samples 
at inlets and outlets using 
automated flow gauging sampling 
stations.   
33 runoff events between April 
1996 and May 1997.   
Reported values are annualised 
efficiencies.   
ANOVA – used only to 
show the significance or 
otherwise of inlet and 
outlet analysis data. 
No TSS =  57.9 
TN = 21.7 
TP = 49.5 
 
Sample size / frequency unclear. It 
appears that event mean concentrations 
were actually used to determine removal 
efficiency, based on flow weighted 
concentrations from each composite 
sample (i.e. flow gauging was not used 
to calculate pollutant loads, but rather 
estimate the relative contribution of each 
composite sample). 
(Kovacic et al. 2000) Treatment water: Agricultural 
runoff from fertilised agricultural 
land (91% row cropping of maize and 
soybean).   
Wetlands: three treatment wetlands, 
with catchment areas 15, 5, and 25 
hectares respectively.  Volumes of 
wetlands were 5,400, 1,200 and 
52,400 m3 respectively.  Catchment 
area not provided. 
Automated flow gauging and ISCO 
2900 automatic water samplers at 
inlets and outlets of each wetland.  
 Sampling frequency up to every 15 
minutes during runoff.   
Data gathered over a three year 
period and performance reported as 
% reduction per year for each 
analyte. 
Budgets determined by 
simple interpolation based 
on 15 minute flow and 
sampling data.  
Yes Wetland A 
TN = 32, 33, 52 
TP=17, 10, 35 
Wetland B 
TN = 36, 45, 48 
TP = 80, (13), 38 
Wetland C 
TN = 34, 33, 27 
TP = 14.6, (14.8), (54) 
The study reported that for nitrogen, 
higher concentrations produced lower 
removal efficiencies, with strong 
seasonal affects.  Removal of TP varied 
depending on flow and retention time.  
The authors noted that inlet 
measurement frequency was not 
sufficient to pick up pulse flows of 
surface runoff.   
(Healy and Cawley 
2002) 
Treatment water: post aerated and 
clarified sewage from sewage 
treatment plant. 
Wetland: Three cell design, the first 
of which (by flow direction) was a 
settling pond, and the other two 
macrophyte beds.  Cell depths were 
0.3, 0.8 and 0.3 m respectively, and 
combined wetland volume was 457 
m3. 
Continuous flow monitoring at 
inlet and outlet of wetland . 
Auto-sampler at inlet collected a 
100mL composite sample every 
hour. Outlet sampling was grab 
sampling (frequency not reported).  
Data collected over approximately 
20 months. 
None.  Loads were worked 
out using by multiplying 
composite sample and 
grab sample 
concentrations by their 
associated flow volumes. 
Yes TSS= 83 
TN = 51 
TP = 13 
 
Wetland was fed by a mechanised 
treatment plant with controlled influent.  
Hence, hydraulic complications such as 
pulse flows are less likely to be an issue, 
and the nature of the influent would be 
expected to be more consistent.  The 
nature of the treatment water is also very 
different from urban runoff, with 
nutrient concentrations generally much 
higher. 
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Study Nature of treatment water 
and wetland 
Methods Statistical Analysis Load 
based? 
Reported removal 
Efficiency (%)  
Comments 
(Farrell and 
Scheckenberger 
2003) 
Treatment water: road runoff 
(Dartnall Road Interchange, Ontario, 
Canada).  Drainage area for Wetland 
1 and 2 = 5.84 ha.  Drainage area for 
Wetland 3 = 23.02 ha.   
 
Wetlands: 
Wetland 1 and 2 = Wetland 1 and 
2 operate in series and have a 
combined permanent pool volume 
of 1397 m3.   
Wetland 3 = combined permanent 
pool volume of 1050 m3. 
 
Water samples were collected as 
grab samples. Grab sampling 
including composite sample 
collection in “order to obtain a 
representative or “average” sample 
of the first flush” at the inlet.  Grab 
sampling at the outlet was delayed 
by 12 hours.   
 
Contamination removal efficiencies 
were determined by subtracting the 
inlet concentrations from the outlet 
concentrations, dividing the answer 
by the inlet concentrations and 
multiplying this answer by 100 to 
convert to a percentage. 
 
Water quality monitoring occurred 
between 1997 and 2001 inclusive, 
three storm events per year.   
Limited to basic statistics 
only (e.g. means and 
median determinations). 
No Wetland 1 and 2 
  TSS = 68 
TKN = 35 
 TP = 43% 
 
Wetland 3 
  TSS = 60 
  TKN = 13 
  TP = 46 
Attempts were made to collect grab 
these samples during or shortly after a 
given storm. 
The impact of hydrology (flow) is not 
considered in the determination of 
removal efficiencies, hence these figures 
may not accurately reflect true 
performance (Beharrell et al. 1998).  
This possibility is recognised by the 
authors.  
(Tanner et al. 2005) Treatment water:  Agricultural 
subsurface drainage from fertilised 
grazed dairy pasture in the North 
Island of New Zealand.  Catchment 
area = 2.6 ha. 
 
Wetland: Newly constructed basal 
area was 260 m2. 
Flow proportional sampling of 
inflow and outflow concentrations 
combined with continuous flow 
records.  Flow rates were measured 
and automatically every 15 
minutes.  Automated sampling 
were triggered according to flow, 
and composite samples were 
collected every 10 m3 of cumulative 
flow such every composite sample 
contained 4 samples, representing 
40 m3 of cumulative flow. 
Water quality monitoring occurred 
between 1997 and 2001 inclusive, 
three storm events per year.   
Data was presented as over two 
consecutive years.   
 
Box and whisker plots of 
N and P.  ANCOVA was 
used to investigate 
seasonal variation. 
Yes. TN = 79, 21 
TP = (101), 12 
 
Drainage flows were highly pulsed 
(depending on to rainfall patterns and 
soil water status).  Study reports that 
establishment / maturation and year to 
year climatic variations affect 
performance and a much longer term 
study is needed to establish long term 
nutrient removal rates.  Statistics used 
only to examine differences between 
inflow and outflow populations, and 
loadings were determined by taking the 
concentration of each composite sample 
and multiplying it by the cumulative 
flow for that period.  
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Study Nature of treatment water 
and wetland 
Methods Statistical Analysis Load 
based? 
Reported removal 
Efficiency (%)  
Comments 
(Terzakis et al. 2008) Treatment waters: highway road 
runoff (Island of Crete, Greece).  
Catchment area = 2,752 m2. 
 
Wetland: Two free water surface 
wetlands, FWS12 (12 hour retention 
time) and FWS24 (24 hour retention 
time).   
 
Automated sampling trigged 30 
minutes of flowing water.   
Total number of samples collected 
was approximately 82 over a two 
year period.   
Performance reported as % 
reduction per year for each analyte.  
(Exactly how performance values 
were calculated was not clear). 
One-way ANOVA to 
compare the performance 
of each pond, and Tukey 
test to detect the statistical 
significance of difference 
between means of 
treatments. 
Suspect 
yes, but 
not 
clearly 
stated. 
FWS12 
   TSS = 83, 87 
   TN = 44, 43 
   TP = 53, 54 
FWS24 
  TSS = 88, 89 
  TN = 51, 42 
  TP = 59, 60 
Waiting 30 minutes before triggering 
auto sampling is problematic as first 
flush is likely to be missed.  Further, 
sampling density seems low; hence there 
is a risk of missing pulse flows.  This 
study compares its results with other 
studies, however unless methodologies 
are the same, such comparisons are not 
rigorous.  
(Fan et al. 2009) Treatment water: residential rainfall 
and septic tank effluents at the rate of 
approximately 1000 m3.d-1.  
Catchment = 10.3 km2, with 
population of 117,670, and forms part 
of the Tan-shui River basin in metro 
Taipei. 
 
Wetland: Five sequential cells, i.e. 2 
pairs of vegetated and open water 
zones, then a final open water zone.  
 
16 samples collected between 
October 2004 and August 2006.   
Percentage removal efficiencies 
were calculated using the k-C* 
model described in Kadlec and 
Knight (1996).   
Water quality data collected before 
and after Typhoon Aere.  
Box and whisker plots to 
assist in the identifying the 
significant differences 
among data groups.  The 
Wilcoxon matched pairs 
test and the Mann–
Whitney U-test were used 
to investigate the 
significance of differences 
in the pollutant-removal 
performances before and 
after reconstruction. 
Yes Before typhoon 
  TP=76.9 ± 12.2 
After typhoon 
  TP=86.5 ± 16.9 
Higher post reconstruction TP removal 
rates could be the result of the newly 
constructed wetland, i.e. benthic soils are 
newly exposed and therefore are not yet 
saturated with phosphorus (Section 
2.3.5.3).  Method used to calculate 
removal efficiency (performance) % 
relies on assumptions (e.g. background 
concentrations must be assumed). 
However, phosphorus performance 
could not have been calculated in any 
other way given the very low sampling 
density.  
(Ko et al. 2010) Treatment water: combined 
domestic wastewater and urban 
runoff at the rate of 4000 m3.d-1. 
Catchment = part of metro Taipei 
(area not stated). 
 
Wetland: Four cell wetland.  First 
cell was fully vegetated, second cell 
was open water, third cell was fully 
vegetated and the final cell was an 
open water pond. 
Monthly sampling between 
September 2006 and April 2008.   
Removal efficiencies or 
performance % were calculate as 
for Fan et al.(2009).   
Box and whisker plots to 
assist in the identifying the 
significant differences 
among data groups. The 
Wilcoxon matched pairs 
test and the Mann–
Whitney U-test were used 
to investigate the 
significance of differences 
in the pollutant-removal 
performances before and 
after reconstruction. 
Yes. Before typhoon 
  TP= 49  
After typhoon 
  TP= 44  
Unlike Fan et al. (2009), reported 
performance for the removal of 
phosphorus was less after reconstruction.  
This was put down to the flow regime 
not being restored and aboveground 
plant community had only partially 
recovered.  As for Fan et al. (2009), 
sampling density is very low hence the 
same concerns highlighted for Fan et al 
(2009) apply.   
Note: Due to similarities with Fan et al. 
(2009), general comparison between 
studies is viable. 
 
67 
 
Study Nature of treatment water 
and wetland 
Methods Statistical Analysis Load 
based? 
Reported removal 
Efficiency (%)  
Comments 
(Wadzuk et al. 2010) Treatment water: stormwater runoff 
from Villanova University campus 
(USA).  Catchment was 18.2 ha 
suburban watershed with 52% 
impervious surfaces. 
 
Wetland: 0.4 ha fully vegetated 
wetland with no open water except 
0.02ha open water sediment trap at 
the inlet end of the wetland. 
Auto-sampling was used to collect 
rain event samples as composite 
samples at 5, 10, 20, 30, 50 and 80 
min, then every 60 min thereafter.  
Discrete grab sampling used for 
base flows. 
 Pollutant loads were calculated by 
multiplying the concentration of 
each composite sample by the 
volume of water that passed during 
the time period for that composite 
sample, then adding them together 
for the entire event.  
Sampling took place between 2003 
– 2004 (shortly after construction 
of the wetland) and then again 
between 2007 – 2008. 
 
Mann-Whitney U-Test 
was used to calculate the 
statistical significance 
between mean inlet and 
outlet pollutant 
concentrations. 
Yes Performance was not 
reported as a percentage 
reduction in pollutant 
(i.e. inlet vs. outlet).  
Rather, performance 
was reported as the 
“percent that the storm 
EMC and base-flow 
concentrations 
exceeded the 
Pennsylvania Water-
Quality Standards”.  
Study included despite not reporting 
removal efficiencies in the same manner 
as the other studies as it provides details 
on sampling and load calculations that 
make it useful for comparison with the 
other studies listed in this table.  
Methodology assumes that the 
composite samples collected represent 
the true nature of the water passing 
through the inlet during the time of the 
given composite sample.  This is 
reasonable for the first and perhaps the 
second samples, however the chances of 
pulse effects being missed increase 
thereafter as the time between composite 
samples becomes larger. Note also that 
base-flow was assumed after 48 hours of 
no rain, however there was no flow from 
wetland during winter 2007, suggesting 
that the base-flow could be the tail end 
of rain events rather than groundwater.   
(Dong et al. 2011) Treatment water: untreated 
domestic wastewater (Glaslough, 
Ireland) pumped directly into 
receiving sludge pond.  Loading rate 
= 800 population equivalents with 
max inflow of 613.06 m3.d-1. 
Wetland: sludge pond plus five 
sequential unlined vegetated ponds 
that discharge into Mountain Water 
River.  Discharge varied between 
0.02 m3.d-1 and 475 m3.d-1.  
Exceptionally large footprint 
designed to achieve an average 
hydraulic retention time of 92 days. 
  
Refrigerated auto samplers and 
monitoring equipment for weekly 
sampling.   
Flows into and out of ICW were 
recorded using electromagnetic 
flow meters at a frequency of 1 
min.   
Mass balance was determined 
using the dynamic water budget 
approach (i.e. multiplying inflow 
concentration by daily inflow and 
dividing by the combined surface 
area of all 5 ponds). 
Removal efficiencies 
between seasons were 
compared using a one-way 
ANOVA.  Post hoc 
comparisons using 
Tukey’s Honestly 
Significant Differences 
Tests were applied to 
identify significant 
differences among means 
at ά = 0.05.   
 
Yes Mean removal 
efficiencies (Conc.) 
   TSS = 94 
   TN = 96 
Mean removal 
efficiencies (load) 
   TSS = 96 
   TN = 90 
    
High removal rates are probably largely 
associated with exceptional long 
retention period of approx 92 days.  
Pulse flows were less of a problem as the 
system received wastewater via pumping 
system.  ANOVA analysis requires that 
mean concentrations a directly 
comparable.  Due to hydrological 
influences, this may not necessarily be 
the case (Beharrell et al. 1998).  Again, 
water sample frequency seems very low 
(weekly), however this system’s inflow 
is more predictable than systems treating 
urban runoff, hence issue such as pulse 
flows are less of a concern. 
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There is, however, another very important feature which differs significantly 
between studies but which is, for the most part, ignored in the literature.  This 
aspect is the methodologies applied in each study which exhibit important 
differences in one or more of the following ways: 
 
• Data collection (method and sampling frequency). 
• Load calculation. 
• Applications of statistics (some of which is questionable). 
 
Regarding data collection, we see two major differences emerging.  The first is the 
way in which samples are collected, and the second is the frequency of collection.  
For example, Farrell and Scheckenberger (2003) relied on the collection of grab 
samples, whereas many others utilised automated sampling triggered by flow rate 
or water level.  The key concern regarding grab samples is the ability to respond 
quickly enough to a rain event such that truly representative samples are collected.   
 
Frequency of sample collection is also an issue for many of the studies identified 
in Table 2.5.  The challenge lies in striking the right balance between high 
frequency sampling and the logistical and financial realities of sample collection 
and analysis.  For example, Terzakis et al. (2008) reported collecting only 82 
samples over two years of monitoring.  This is problematic because the hard 
surfaces typical of urban development can make catchments extremely “flashy” 
(i.e., highly sensitive to changes in rainfall intensity during a given rain event).  
Hence, the chances of missing a pulse flow (large increase in flow due to a 
momentary increase in rainfall intensity) increases as sampling frequency 
decreases.  Thus, potentially highly significant flow events during a rain event can 
be missed which can result in erroneous analysis outcomes.  To compensate for 
this, many studies employed composite sampling.  This can be an effective 
strategy providing that sub-samples are taken at intervals that are not too far apart.  
The composite sampling strategy described by Wadzuk et al. (2010) provides 
perhaps the most effective means of striking the right balance between sufficient 
sampling density, and the logistics and financial implications of sample collection 
and analysis.  They employed a strategy that included increasing the time between 
samples as a rain event progressed, thereby increasing the probability of capturing 
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any first flush effects, whilst still capturing the latter parts of the event without 
generating an excessive number of samples.  However, this strategy does not 
preclude the possibility of pulse flows that may occur later in the rain event from 
being missed. 
 
Further complicating concerns regarding sampling frequency is the changing 
nature of the forms in which nutrients input to a constructed wetland as a rain 
event progresses (Goonetilleke et al. 2005).  Hard surfaces, such as roads, respond 
quickly to rain events, sending pulses of urban runoff containing petrochemicals 
and their combustion products into the wetland.  As the rain event continues, road 
related pollutants tend to be joined / replaced by other pollutants from less 
permeable surfaces, such as gardens and nature strips as their soils become 
increasingly saturated.  Sewage can also be another source of pollutants where 
overflows occur later in rain events, usually during larger events.  Hence, sample 
frequency is also an important factor for capturing changes in the nature of 
pollutants in runoff as an event progresses. 
  
Table 2.5 also reveals differences in the manner in which nutrient and / or 
suspended solid removal efficiencies are calculated.  While most studies attempt 
to calculate removal efficiencies based on pollutant load to take into account 
hydraulic influences, they do this in different ways.  For example, Kovacic et al. 
(2000) used flow weighted averages and interpolation between samples, whereas 
Healy and Cawley (2002) simply multiplied the composite sample concentration 
by the total volume that passed through the inlet or outlet for the time period 
covered by the given composite sample.  In contrast, Farrell and Scheckenberger 
(2003) completely ignore hydrological influences (i.e., flow), and rely solely on 
sample concentrations to determine removal efficiencies for their study.  This, 
combined with low frequency grab sampling, seriously compromises the reported 
reduction efficiency results for their study, as relying solely on concentrations has 
been shown to be an unreliable method of determining pollutant reduction 
efficiencies (as pointed out by the authors themselves).  Yet another very different 
method is provided in Fan et al. (2009) who uses the k-C* model (Kadlec and 
Knight 1996) to calculate removal efficiencies.  The k-C* model estimates 
phosphorus retention as a first order areal net uptake, and is constrained for 
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application to long term average wetland performance only (Kadlec and Wallace 
2008d). 
 
As a final observation, it is noted the studies described in Table 2.5 use various 
statistical analysis to determine the significance of the difference between influent 
and effluent pollutants.  Given that the tests listed rely on the accurate 
determination of means and standard deviations, relying on concentration alone to 
test the significance of the difference is highly questionable unless the means have 
been appropriately weighted against flow (i.e. hydraulic influences have been 
taken into account). 
 
2.4.5 Critique of Methods: Implications 
 
The most important conclusions that can be drawn from the critique of methods 
(Section 2.4.4) are: 
• Pollutant reduction efficiencies reported in each study cannot be directly 
compared. 
• The general confidence in the accuracy of the reported reduction 
efficiencies is questionable. 
 
Because of the different methodologies applied, the studies summarised in Table 
2.5 cannot be directly compared.  These differences are quite dramatic and include 
differences in the way in-flows and out-flows were determined (if at all), the 
frequency, manner and nature in which samples were collected, and the way in 
which reduction efficiencies were determined.     
 
Taking into account section 2.4.1.3, and the relatively low sampling densities for 
most of these studies, the accuracies of the reported removal efficiencies in Table 
2.5 are concerning.  The accuracy of many of the studies is difficult to determine, 
as most provide little explanation in this regard.  Further, some of the studies 
actually state that accuracy may be a problem for their work, either because 
sampling frequency is insufficient (Kovacic et al. 2000), or because the method of 
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determining removal efficiency is likely to be miss-representative (Farrell and 
Scheckenberger 2003).   
 
The manner in which samples were analysed for nutrients and / or TSS also 
differed between studies.  For example, Carleton et al. (2000) analysed nutrients 
according to methods described in Bran and Luebbe Technologies (1987), 
whereas others cited various editions of APHA Standard Methods (e.g., Terzakis 
et al. (2008); Fan et al. (2009)), or no particular reference at all.  This situation 
further adds to the uncertainty of comparing removal efficiencies across studies.  
 
Summary 
 
The over-arching implication of the above is that the variation in removal 
efficiencies reported between studies may very well be, at least in part, a 
consequence of the methodologies applied.  As a consequence, it is not possible to 
sensibly compare performances between studies.  Further, due to issues such as 
low sampling frequencies and, in some cases, inappropriate underlying 
assumptions, the accuracy of the reported removal efficiencies is also 
questionable.  This situation has a number of important implications for water 
quality management, including: 
 
• Limited means of calibrating and “truthing” constructed wetland models.  
• Limited means of determining the degree to which changes in wetland 
design affect in-situ performance.  
• Credence to concerns that the efficiency of constructed wetlands may be 
generally overstated (White 1998; Goonetilleke et al. 2005).  
 
The solution to this problem lies in the development of a standard method that 
meets reasonable and definable levels of accuracy.  Even if absolute accuracy 
remains elusive, a reasonable method of performance monitoring may still be 
robust enough to provide a relative measure with sufficient precision to enable 
results from different studies to be compared.   Unfortunately, coming up with a 
standard method is not an easy task, mostly for reasons outlined in Section 2.4.3, 
but also because it requires consensus across the global water quality management 
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industry.  Given the global expansion of urban development (Section 2.2), these 
difficulties should not preclude attempts to find just such a solution.  Accordingly, 
this study will, as part of its objectives, attempt to shed some light on what a 
standard method might look like. 
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3 STUDY SITE 
3. 1 Introduction 
 
This chapter provides a regional context for the study site, focusing primarily on 
climatic and geomorphologic features.  It then focuses in on the local context, 
before providing a detailed description of the study site.   
 
3. 2 Regional Context 
 
The study site is located within the Illawarra region of New South Wales (NSW). 
(Figure 3-1).  The Illawarra region covers over 700 square kilometres and takes in 
the Wollongong, Wingercarribee, Shellharbour, Kiama and Shoalhaven local 
government areas (NSW Government 2010).   
 
Climatically, the region is warm temperate, with an annual average maximum 
daily temperature of 22.9oC and an annual average rainfall of approximately 1,100 
mm.  This average shifts geographically from a low of 945 mm / year for the 
inland centre of Bowral to over 1,600 mm on the east of the escarpment, 
immediately south of Wollongong (NSW Government 2010).  These significant 
shifts in rainfall occur due to the orographic effects of the escarpment combined 
with the proximity to the coast (Hazelton and Tille 1990), as illustrated in Figure 
3-2. 
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Figure 3-1: Location of the study site (34o29’.73”S, 150o46’16.66”E).   
The site is situated within the Illawarra region of NSW, approximately 80 km south west of metropolitan Sydney (heading 
201.2 degrees).  The inset at the top right hand corner illustrates the geographical coverage of the Illawarra region, divided 
up according to local government area (NSW Government 2010). 
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Figure 3-2: Isopleths showing variation in annual average rainfall with the 
study site’s region.   
Isopleths occur over a relative short distance as a consequence of the dual 
influences of the escarpment and coastline (Hazelton and Tille 1990). 
 
Physiographically, the Illawarra is dominated by the Illawarra Escarpment and 
Wollongong Plain.  The escarpment is the physical expression of the eastern limit 
of the Woronora Plateau, consisting of eroded sandstone cliffs above steep slopes 
of bedrock overlain by a continuous talus mantle (Hazelton and Tille 1990).  The 
Wollongong Plain is the relatively flat plain between the Illawarra Escarpment 
and the Tasman Sea, consisting of the “gentle rises of the Illawarra Coal 
Measures, rolling steep low hills of volcanic materials and undulating Budgong 
Sandstone and Quaternary alluvium” (Hazelton and Tille 1990). 
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3. 3 Local Context 
 
The study site is located in the suburb of Horsley, which is situated within the 
Mullet Creek catchment located on the Wollongong Plain and is a major 
catchment of the Lake Illawarra watershed (Figure 3-3).  With the exception of its 
western boundary, it is relatively flat consisting of multiple meandering tributaries 
which confluence into Mullet Creek before discharging into the Lake.  At its 
eastern end, the catchment is relatively flat (slopes < 0.58 degrees).  Moving east 
into the suburb of Horsley, the catchment becomes very gently (0.58–1.75 
degrees) to gently inclined (1.75–5.75 degrees), with steep slopes not occurring 
until the foot of the Illawarra Escarpment on the western boundary of the 
catchment (WCC 2007).  The overall effect of these features is a rapid transition 
from a relatively flat coastal plain to steep slopes and vertical cliff faces (Figure 
3-3). 
The Mullet Creek catchment is underlain by large Permian volcanic sandstones 
and Quaternary alluvium, gravel, sands and silt (Taylor 2003).  Dominant soil 
types are the Illawarra Escarpment (i.e.), Gwynneville (gw) and Fairy Meadow 
(fa) soils.  Given its location within the catchment, Horsley itself is most likely to 
be underlain by the alluvium component of the Quaternary geological formation 
(Quaternary sediments) overlain by fa soils.  Using Hazelton and Tille (1990) as a 
guide (Figure 3-4), the Fairy Meadow soils are likely to be brown sand (fa2) 
overlain by brownish black loose sandy loam (fa1) (it should be noted that actual 
soil conditions may vary in developed areas due to filling and levelling practices).  
Both variations of this soil landscape exhibit low erodibility, but are readily 
entrained by concentrated (high energy) flows (Hazelton and Tille 1990).  
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Figure 3-3:  Digital terrain model of the Mullet Creek catchment showing the location of the study site.   
The catchment forms part of the Lake Illawarra watershed.  Note that the terrain within Mullet Creek is relatively flat, before rising sharply along its 
western boundary (Illawarra Escarpment) (Cooper 2011). 
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Figure 3-4: Illustration from Hazelton and Tille (1990) (with modifications) showing a generic 
Fairy Meadow soil landscape.   
Given its location in the Mullet Creek catchment, Horsley is most likely to occur in the Terraces region 
of this landscape. 
 
The Mullet Creek catchment generally receives annual rainfall totals at the higher 
end of the regions geographical rainfall distribution (Figure 3.2), i.e. 1,500 to 
1,600 mm.  Because of its location directly beneath the Illawarra Escarpment, the 
Mullet Creek catchment not only receives rainfall from large systems moving up 
the coast, but also smaller localised systems created and trapped by the orographic 
effects of the escarpment.  This interaction between the troposphere and the local 
topography also appears to generate rainfall of above average intensity. For 
example, a study conducted in 1987 found that a rainfall intensity of one hour 
with a two year average reoccurrences (i.e., a Q2 event) was between 12% to 50% 
more intense than the remainder of the Sydney Basin region (URS 2004).  High 
rainfall averages and intensity, along with the rapid transition from flat lowlands 
to steep slopes and cliffs, combine to make the Mullet Creek catchment very 
susceptible to flash flooding.   
 
3. 4 Study Site – Characterization 
 
The study site consists of a water quality control pond (WQCP) and its catchment 
(Figure 3-5).  The water quality control pond, “ROB1”, was originally constructed 
as a sedimentation basin during the construction phase of Horsley Estate (early 
1990s). This settling basin was subsequently converted into a WQCP in 1996 to 
facilitate the environmental protection of downstream waters bodies from the 
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effects of urban development on stormwater runoff (Section 2.2).  This conversion 
process primarily involved the establishment of macrophyte vegetation consisting 
mostly of Phragmites australis (along with other types of Poaceae) and Typha 
orientalis (Appendix A). 
 
Figure 3-5: Study site.   
The study site consists of the water quality control pond, “ROB1”, and its catchment.  Note that 
the pond discharges into Robins Creek, which joins Mullet Creek downstream before flowing into 
Lake Illawarra. 
 
3.4.1 ROB1 Catchment 
 
ROB1’s catchment consists of four sub-catchments, each of which is serviced by 
its own stormwater network and inlet to the pond (Figure 3-5).  Slope gradients 
within each sub-catchment can generally be described as gentle, rarely exceeding 
5.75 degrees. 
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The spatial extent of ROB1’s four sub-catchments was derived using ArcGIS 9.2 
based on a 3 m Digital Terrain Model (DTM).  The Spatial Analyst extension 
within ArcGIS 9.2 was used to undertake the catchment detection process, which 
included sink evaluation, depression evaluation, flow direction, and sub-
catchment determination.  The sub-catchment sizes were found to vary 
considerably, ranging from 1.1 ha to 26 ha (Figure 3-5).   
 
The Digital Terrain Model (DTM) used to determine ROB1’s sub-catchments 
boundaries and sizes was generated using Geodetic Datum of Australia (GDA) 
compliant Airborne Laser Survey (ALS) data sourced from Wollongong City 
Council’s WCC_ALS_Infill_13224A series captured between July and August 
2007.  This data was collected by AAMHatch Pty Ltd from a fixed wing aircraft, 
with accuracy assessed via GPS base station without incident.  Laser strikes were 
classified into ground and non-ground points using a single algorithm, supported 
by manual checking and editing in order to improve the terrain model.  Metadata 
details pertaining to the ALS data used in this study are provided in Appendix B. 
 
Sub-catchment boundaries derived from the ALS were then ground-truthed via 
site inspection during heavy rain and adjusted accordingly.  For example, the 
straight northern boundary following Shone Avenue originally extended across 
this road into the paddock beyond, but site inspection during rain revealed that the 
road prevented water from this paddock finding its way to ROB1.  
 
Land use within the catchment is exclusively low density residential, and is 
typical of modern urban developments in NSW, i.e., single dwelling, small 
blocks, with a large proportion of the block being taken up by house and driveway 
(between 60 and 80%).  Houses are typically brick veneer with coated steel or tile 
roofs.  During the experimental period of this project, all sub-catchments were 
relatively stable (i.e., soils either stabilised by vegetation or constructed assets) 
and at least 90% developed.   
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3.4.2 ROB1 Water Quality Control Pond 
 
ROB1 is a relatively simple constructed wetland.  It is essentially a permanently 
wet pond with four inlets and an outlet.  Each inlet services one of the four sub-
catchments (Figure 3.5), allowing urban runoff to drain directly into the pond.  
The pond slows down the flow of runoff from the catchment by utilizing its 
storage capacity provided by its banks in concert with the slow release of water 
into Robins Creek via an engineered outlet structure (Figure 3.8). 
 
In 1993, Sinclair Knight designed ROB1, along with three other water quality 
control ponds (ROB2, ROB3 and REED), for Horsley Estate.  According to 
Sinclair Knight (1994), the primary purpose of the ponds is to limit the increased 
“pollutant” loadings resulting from urban development on water quality 
downstream from the new development, with an additional function of detention 
storage to limit post development peak flows to pre-development levels (Note that 
this study focuses on the pollutant reduction performance of ROB1). 
 
The design of ROB1 was based on POLLUTE modelling (Sinclair Knight 1994) 
which was then a commonly used model for estimating pre and post-development 
pollutant loads (MUSIC has since replaced models like POLLUTE as the industry 
standard).    In the case of ROB1, POLLUTE was used to model the following 
pollutants: 
• Coarse sediment. 
• Suspended solids. 
• Total phosphorus. 
• Total nitrogen. 
• E. coli. 
This model, along with hydraulic modelling, was used as a basis for the sizing of 
the pond, and the design of its outlet, so that the pond’s water retention 
characteristics would enable design objectives to be met (the key design 
parameters derived from the modelling process are provided in Table 3.1).  
Exactly what those targets were is unclear from the report produced by Sinclair 
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Knight (1994), but current best practice suggests that such systems should be 
achieving the following (DECC and CMA 2007) reduction rates: 
• 90% in annual gross pollutant (size > 5mm). 
• 85% in the average annual total suspended solids load. 
• 65% in the average annual total phosphorus load. 
• 45% in the average annual total nitrogen load. 
While these reduction targets may not accurately reflect the objectives of the pond 
performance as designed, they do provide the basis for a comparison as to its 
effectiveness against current expectations.  
 
Table 3.1: Key design parameters for ROB1 (Sinclair Knight 1994). 
Parameter Value Comments 
Permanent Storage Volume 20.23 ML Actual = 22.46 ML (works as executed survey, 
1996) 
Pond detention storage (100 
year ARI) 
14.66 ML  
Average pond depth 1.76 m  
Maximum depth 3.1 m  
Low flow diameter   
High flow orifice   
Outlet Diameter 1.05 m  
Peak inflow discharge (2 
year ARI) 
9.18 m3/s  
Peak discharge (2 year ARI) 1.85 m3/s  
Surface area at normal 
water level 
1.14 ha Based on a nominal water level of 14.6 m  
 
3.4.3 Major Components of ROB1 
 
The structure of ROB1 can be broken down into the following major components 
(Figure 3-6): 
• Four inlets. 
• An outlet structure. 
• Four gross pollutant traps. 
• Spillway. 
• Reed (macrophyte) zone. 
• Open water zone. 
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3.4.3.1 Inlets 
 
Inlet H1 (or Horsley 1) consists of a single 0.9 m internal diameter concrete pipe 
and headwall arrangement draining into a concrete apron / small concrete settling 
basin fitted with a simple trash rack.  Inlet H2 consists of a smaller 0.45 m internal 
diameter concrete pipe and headwall arrangement with a small concrete apron 
enclosed by a dual purpose trash rack and cage arrangement (Figure 3-9).  Inlet 
H3 drains the largest of the four sub-catchments (i.e., sub-catchment ROB1-1, 26 
ha, Figure 3-5) and, as a consequence, has a much more complex pipe 
arrangement, i.e., five inlets pipes ranging in size from 0.45 m to 1.1 m.  Urban 
runoff drains from these pipes directly into a concrete apron / small settling pond 
via energy dissipaters before passing through a trash rack and into ROB1.  Inlet 
H4 drains the smallest of the four sub-catchments that make up ROB1’s 
catchment (ROB1-4, 1.1 ha, Figure 3-5).  It consists of a simple 0.45 m pipe and 
headwall arrangement draining over a small concrete apron before emptying into 
ROB1.  Each inlet and its features are illustrated in Figure 3-7. 
 
 
Figure 3-6:   Major components of ROB1 (Hopkins and Yassini 2006).   
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Note that the Rocla CleansAll 375 unit indicated on the map was removed towards the end of the 
experimental phase of this project due to poor service access.  To compare this schematic with a 
conceptual diagram for a water quality pond, refer to Section 2.3.4. 
 
 
 
Figure 3-7:  Inlets and outlets structures to and from water quality control pond ROB1.  
Structures H1 to H4 are all inlets.  Structure H5(1A) is the water extraction end of the pond outlet structure, 
most of which is subterranean, and structure H5(1B) is the end point of the outlet structure that releases pond 
water into the receiving waters (i.e. Robins Creek).  Note that the inset for H5(1A) shows the low flow pipe 
outlet inside the extraction pit, just below the steel safety grid.  This low flow pipe allows for the slow passing 
of water from ROB1.  During most rain events, the water will overtop and flow into the pit directly until the 
pond water level drops below the edge of the extraction pit, effectively creating a crude low flow and high flow 
outlet structure.  
 
85 
 
 
 
3.4.3.2 Outlet Structure 
 
The outlet of ROB1 is an engineered structure that is designed to control the 
release of water into Robins Creek (Figure 3-8).  This, in combination with 
ROB1’s bathymetry, provides for the retention of urban runoff that is crucial for 
allowing pollution reduction processes to occur.  It also acts to smooth out peak 
flows that would normally occur within Robins Creek if the stormwater network 
flowed directly into the creek without the pond as a buffer.  The outlet is mostly 
subterranean, consisting of a 1.7 m deep pit within the pond at its northern end 
(insert H5(1A), Figure 3-7) connected to a subterranean concrete stormwater drain 
(ID = 1 m, length 30 m).  This concrete drain terminates at a headwall structure 
approximately 3 m from the Robins Creek channel.   
 
 
Figure 3-8: Illustration of the outlet structure for ROB1 (not to scale).   
The structure is predominately subterranean with only the top of the pond water extraction pit and 
outlet structure being visible.  The remainder of the structure is buried beneath the northern levee 
bank (modified from Sinclair Knight (1994)). 
 
3.4.3.3 Gross Pollutant Traps 
 
Inlets H1, H2 and H3 are all fitted with trash racks type gross pollutant traps 
(GPTs) (Figure 3-9).  Trash racks are the most basic form of GPT and act as a 
simple physical barrier. to prevent the passage of pollutants such as cans, plastic 
bottles, and other refuse into the pond. While inexpensive, such GPTs are limited 
in their effectiveness for the following reasons 
• Refuse can overtop relatively easily during high flows. 
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• Refuse can escape from the trap during high winds (not so for inlet H2). 
• Refuse trapped behind these trash racks is highly visible (less so for H2). 
 
Figure 3-9: Trash rack type gross pollutant traps (GPTs).   
These were installed at inlets H1, H2 and H3 during the construction of ROB1 to trap gross 
pollutants (mostly domestic refuse) before they enter the pond.  These GPT systems are highly 
visible and vulnerable to operational failure during high winds and water flows. 
 
During the initial stages of this study, it was thought that H4 had no GPT.  
However, it was later discovered that upstream of the inlet was a continuous 
deflection separation (CDS) type GPT (Figure 3-6).  CDS type GPTs has a 
number of advantages over traditional trash racks.  Rubbish collected by them is 
not visible as they are fully contained underground (their presence is only made 
visible by opening the steel service lid).  They also contain pollutants much better 
as they are unaffected by wind conditions and by-pass during high flows, or when 
they are full.   Unfortunately, an inspection of the Rocla CleansAll 375 upstream 
of H4 revealed that it had not been cleaned for some time (possibly since 
construction in 1996).  During early September 2010, Wollongong Council 
opened the lid and removed the basket (probably the first time since installation) 
and found the basket was damaged and full of densely packed sediment (Figure 
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3-10).  Due to the condition of the unit, and inadequate access, Council later 
removed the Rocla CleansAll 375 completely, and replaced it with a trash rack in 
front of the headwall of H4 (by this time, the experimental phase of this project 
had been completed).  
 
 
Figure 3-10: Gross pollutant trap (GPT) upstream from inlet H4.   
Image (a) shows the basket removed from the Rocla CleansAll 375.  Note the densely packed 
sediment that had built up after an estimated 12 years of service without being cleaned.  Image (b) 
is looking down into the sub-surface concrete superstructure and sump within which the basket 
sits.  Due to damage and poor access, this unit was replaced with a trash rack GPT after the 
experimental phase of this study was completed. 
 
3.4.3.4 Spillway 
 
In order to protect adjoining and nearby residential properties from flooding, 
ROB1 is fitted with a spillway which acts as a failsafe device should water inflow 
exceed the capacity of the outlet structure to drain the pond such that levee bank 
crests are threatened.  The spillway, located on the northern levee bank (Figure 
3-6 and Figure 3-7) is Reno mattress over geotextile.  The crest level of the 
spillway is set above the 100 year ARI flood level as defined in the Mullet Creek 
Flood Study prepared by the then Public Works Department, March 1985 
(Sinclair Knight 1994). 
 
3.4.3.5 Macrophyte Zone 
 
As detailed in Section 2.3.5, the macrophyte zone plays an important water quality 
function in constructed wetlands.  ROB1 water quality control pond’s perimeter is 
(a) (b) 
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occupied by such a zone (Figure 3-6).  According to Sinclair Knight (1994), this 
zone should be occupied by reeds and cover approximately 30% of the ponds 
water surface (“functional macrophytes”).  To characterise this zone for the 
purpose of this study, a civil survey (8 April 2008) and a vegetation survey (10 
March 2010, Appendix A) were undertaken.  The civil survey found that only 
6.5% of the pond surface was covered by functional macrophytes (RL of 14.6 
(AHD) was assumed).  The vegetation survey found that the dominant species was 
the reed Phragmites australis, occupying up to 25% of the macrophyte zone.  This 
species is a widely used functional species in constructed wetlands (Lee and Sholz 
2007).  However, the vegetation survey also identified 32 other species present in 
this zone, most of which were unlikely to be part of the original planting regime 
(“invasive macrophytes”).  This includes 15 species that are not indigenous.  The 
only other species identified that may have been part of the original planting 
regime (i.e., local species with pollutant reduction characteristics) are the reed 
Typha orientalis and the rush Juncus usitatus.   
 
3.4.3.6 Open Water Zone 
 
Included in the design of the pond is the allowance for open water, i.e., water not 
covered by vegetation that has direct exposure to sunlight.  According to Sinclair 
Knight (1994), this open water should be in the order of 70% of the pond’s water 
surface.  Despite the apparent reduction in macrophyte coverage, the amount of 
open water is approximately 45% (civil survey, 8 April 2008, Appendix C).  This 
low proportion of open water is due to the build-up of invasive macrophyte 
species beyond the shallows and into the deep water zone of ROB1.  These 
invasive species established themselves sometime after the conversion of ROB1 
from a sediment pond to a water quality control pond and are dominated by the 
South American Myriophyllum aquaticum (Parrots Feather) (Appendix A).  The 
source of the Parrots Feather is not known, however it is thought to have been the 
result of the disposal of the contents of a domestic fish tank into ROB1 several 
years ago (anecdotal information provided by local residents). 
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4 WATER QUALITY DATA ACQUISITION 
4. 1 Chapter Overview 
 
The collection of water quality data is central to the aim and objectives of this 
study (Section 1.3).  This chapter provides a detailed description of the materials 
and methods used in this study to establish the “ROB1 Performance Monitoring 
System” (ROB1 PMS) to collect the water quality data required to estimate 
nutrient and suspended solid load mass balance for ROB1 (Chapter 5).  It then 
concludes with an assessment of success of the ROB1 PMS in terms of its data 
collection performance relative to the amount of effort and resources required to 
acquire this data. 
 
4. 2 Introduction 
 
For reasons outlined in Section 2.3.7, it is not enough to simply compare 
concentrations at inlets and outlets to assess the performance / load reduction 
capacity of a wetland.  Rather, the assessment of wetland performance must be 
based on pollutant load reduction (mass balance). 
 
In order to determine the load reduction capacity of a constructed wetland, the 
pollutant load entering and leaving the wetland needs to be estimated with a 
reasonable degree of confidence.  This requires the collection of water quality and 
flow data at sufficient temporal resolution to account for the high potential for 
variability that can occur during a rain event in urban environments, including: 
• The sporadic nature of rain events (i.e. they can occur at any time of the 
day and fluctuations in intensity are unpredictable). 
• The flashy nature of urban catchments (Section 2.1).  
• The unpredictable variation in stormwater pollutant concentration during a 
given rain event (Section 2.2). 
• The complex and variable nature of pollutant reduction processes within 
the wetland (Section 2.3.5). 
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Measurement of some water quality parameters is limited by available technology.  
While there exists reasonably robust sensors with sufficient sensitivity to measure 
water quality parameters such as turbidity and conductivity in-situ at high 
temporal resolutions, this is not the case for other parameters such as nutrients and 
suspended solids (Jones 2008).  Consequently, water samples must be collected 
for laboratory analysis.  This need for water samples presents a significant 
logistical and financial challenge.  Hence, the methodology chosen must strike a 
balance between collecting enough samples to adequately account for variation 
within a given rain event without generating an excessive number of samples that 
must then be collected, processed, despatched and analysed.  
4. 3 Componentry 
 
To overcome the challenges associated with reliably estimating pollutant loads 
entering and leaving a constructed wetland, the decision was taken to establish 
automated sampling combined with in-situ sensors at each of the four inlets and 
the outlet of ROB1, i.e., the establishment of five integrated automated sampling 
and monitoring stations (otherwise referred to in this study as “water quality 
monitoring stations”).  The location of each of these water quality monitoring 
stations (WQMS) is illustrated in Figure 4-1. 
 
Each WQMSs contained the following equipment (Figure 4-2): 
 
• An automated sampler (ISCO 3700, with the exception of H2 which 
contained a GAMET sampler). 
• Data logger and systems control unit (Campbell CR800). 
• Remote telemetry link with SMS Alarm (H1 only). 
• Flow monitoring (FloPro Series 3). 
• Conductivity measurement.  
• Turbidity measurement. 
• Solar Power system. 
• Rain gauge (H1 only). 
• Security and protection components (benign fibreglass hut, galvanised 
steel conduit tubing, stainless steel monitoring probe covers).  
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Figure 4-1: Automated sampling and water quality monitoring station locations.   
Blue station markers represent WQMS monitoring inlets into ROB1 (i.e. urban runoff), whereas the 
yellow marker identifies the WQMS located at the outlet to receiving waters (Robins Creek, blue 
dashed line). 
 
The combined stations and their equipment (i.e., H1 through to H5) are 
collectively referred to as the “ROB1 performance monitoring system” (ROB1 
PMS) throughout this thesis. 
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Figure 4-2: General set up of the WQMSs used to gather data at ROB1.  
Each of the five stations had a similar arrangement.  The left image shows the fibreglass hut and 
solar panel arrangement (H1).  Also visible are the galvanised metal pipes and stainless steel box 
attached to the wingwall structure of pond inlet H1.  The metal pipes contain wiring and tubing for 
sensors and water sample extraction.  The right image shows the inside of fibreglass hut (access 
panel removed).  The brown instrument is the automatic sampler, the cardboard box contains the 
battery which acted as a power storage repository for the solar system used to power the stations, 
the white box suspended near the top of the hut contains the data logger, and the black and green 
unit suspended behind it is the electronics module of flow monitoring system. 
 
4.3.1 Auto-samplers 
 
Each station had an automated sampler sourced from Wollongong City Council’s 
(WCC) existing set of auto-samplers.  The original configuration had stations H1 
and H3 fitted out with ISCO 3700 refrigerated units (Figure 4-3), H2 fitted with a 
GAMET auto sampler (Figure 4-4), H4 with a standard (non-refrigerated) ISCO 
3700 unit (Figure 4-5), and H5 with a SIGMA 900Max.   
 
The SIGMA 900Max was replaced with an ISCO 3700 shortly after the first 
successfully sampled rain event (Event 1) due to a distributor arm failure (the cost 
of repairs were considered too high given the age of the unit).  Hence, the overall 
configuration of the ROB1 performance monitoring systems for the bulk of the 
experiment consisted of two refrigerated ISCO 3700 units, two standard ISCO 
3700 units and a GAMET unit. 
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Figure 4-3: Refrigerated ISCO 3700 auto-sampler.   
The left image show the refrigerated unit as it appears in operation, the middle image shows the 
refrigerated door open revealing the fully loaded sample bottle carousel in-situ and sample water 
distributor arm, and the third image is the carousel removed from the auto-sampler containing a 
full load of 24 1 L sample bottles.  Two of these units were used throughout the data collection 
phase of the study (refrigeration deactivated).  One remained at WQMS H3 for the entire 
experiment, while the other started at WQMS H1, but was moved to H4 following a distributor 
arm failure during event 3 (refer to Section 4.3.7 for details).   
 
 
Figure 4-4: GAMET auto-sampler.   
The GAMET auto-sampler installed at WQMS H2 for the entire water data 
collection phase of the study.  The left image shows the unit as it appears 
in operation (lid on), and the right shows the unit with lid removed to 
reveal sampler controller and pump assembly.  Sample bottles are 
contained within the base of the unit and are accessed by unclipping and 
removing the sampler controller and pump assembly, much like that 
shown for the standard ISCO 3700 unit (Figure 4.5). 
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Figure 4-5: Standard ISCO 3700 auto-sampler.   
The images, from left to right, show: unit as it appears in operation (lid on), lid removed to reveal 
sampler controller and pump assembly, and with lid and sampler controller compartment removed 
to reveal carousel containing 24 1 L sample bottles. At the start of the water quality data collection 
phase of this study the ROB1 WQMS had only one standard ISCO 3700 system.  An additional 
ISCO 3700 was purchased and installed to replace the SIGMA 900Max that suffered a major 
distributor arm failure after Event 1.   
 
4.3.1.1 Auto-samplers – Major Components 
 
All of the auto-samplers used in this study, including the GAMET, consisted of 
the same basic components, namely: 
• Top cover (with the exception of refrigerated units). 
• Tampler controller. 
• Pump assembly. 
• Centre section / distributor arm assembly. 
• Sample bottle tub assembly. 
 
The top cover or lid provides protection for sampling units against the elements 
whilst operational in the field.  For this study, fibreglass huts were used to contain 
the automated samplers, but the GAMET auto-sampler and standard ISCO 3700 
auto-samplers are capable of surviving the elements without this extra level of 
protection. 
 
The sampler controller provides the electronic logic control system for the 
automated sampler (Figure 4-6a).  This unit has all the necessary functionality to 
provide a stand-alone programmable function, i.e., it can be hooked up to a power 
source (e.g., solar) in remote locations and programmed to take samples based on 
triggers such as flow rate or water level.  It also has the ability to act as a “slave” 
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to other devices to enable it to function as an integrated component of a greater 
system, as was the case for this study.  When in slave mode, the sampler 
controller is still used for functions such as resetting the device following 
replacement of sample bottles, manual purging of water sampling lines and 
adjusting pump settings to calibrate bottle filling during sampling. 
 
The pump assembly is integrated into the sampler controller, representing the 
interface between electronic and mechanical function (i.e., the sampler controller 
stops and starts this pump based on pre-set programs by opening and closing the 
circuit to the pump).  The pump is a displacement or peristaltic pump that draws 
water along the water sample extraction line by utilizing a roller type rotor 
assembly (Figure 4-6b).  When the pump is activated, the rotor cam presses up 
and moves against a medical grade silicone rubber tube in a circular motion.  This 
motion compresses the tube, thereby forcing the fluid (sample water) through the 
tube and creating a vacuum which facilitates the extraction of sample water to the 
sample bottles inside the auto-sampler.   
 
 
Figure 4-6: Sampler controller (a) and peristaltic pump with pump cover removed (b). 
The auto sampler controller provides all the necessary circuitry and input interface (i.e. the touchpad) 
to allow the stand-alone operation or as part of an integrated system (as was the case for this study).  
Note that picture (a) is of a standard ISCO 3700 unit, whereas (b) is a refrigerated ISCO 3700 unit.  
The sample controller and pump is exactly the same for each. The GAMET has a slightly different set 
up, however the underlying purpose of the controller and pump assembly are the same.   
 
The centre section (Figure 4-7) provides two main functions: 
 
1. Maintain sample bottle and sample integrity by preventing the ingress of 
contaminants inside the auto sampler. 
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2. Provide support for the sampler controller, pump and distributor arm. 
 
The distributor arm is designed to position the end of the water sample tubing 
over the correct sampling bottle to facilitate the controlled delivery of water 
samples.  The movement of the distributor arm is controlled by the sampler 
controller. 
 
 
Figure 4-7: Centre section in-situ (left) and removed (right).   
The distributor arm is designed to position the end of the distributor arm tubing over the 
next sample bottle in the sampling sequence to facilitate delivery of the water sample.  
Note that the distributor arm peristaltic tube connects directly to the peristaltic tubing and, 
therefore the pumping mechanism on the topside of the centre section. 
 
The sample bottle tub assembly (Figure 4.8) provides the following functions: 
 
• Structural support for the auto-sampler unit. 
• Storage, protection and positioning of sample bottles. 
 
The sample bottle tub assembly forms the base of the auto-sampler unit, over 
which the centre section sits.  The inside of the tub assembly is moulded with 
evenly spaced grooves into which specifically designed sample bottles fit.  These 
grooves ensure sample bottles are secured and spaced appropriately to ensure 
bottles are aligned with their respective distributor arm position.  Bottle sequence 
numbers are provided on the lip of the tub assembly to facilitate their placement 
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and labelling, all of which is synchronised with the sampler controller PLC to 
enable sequential filling and sample number recording during sample collection 
and retrieval.  The polypropylene sample bottles (1000 mL) are shaped 
specifically to fit tightly within the grooves of the tub assembly (Figure 4-8, 
inset).     
 
 
Figure 4-8: Sampler bottle tub assembly.   
The tub assembly provides support and protection of sample bottles, as well 
as ensuring appropriate placement to facilitate correct sample sequencing.  
Samples are placed and retrieved by first removing the auto-sampler top 
cover, then removing the centre section.  In the case of refrigerated units, 
there is no tub assembly.  Rather, a sample bottle rack is used to position 
bottles inside the fridge, accessed by opening the fridge door (Figure 4.3).  
 
4.3.2 CR800 Data Measurement and Control Datalogger 
 
Campbell CR800 Date Measurement and Control Dataloggers were installed 
inside each of the five WQMSs (Figure 4-1).  This unit was used for data storage 
and also as the programmable logic controller (PLC) for each WQMS.  This dual 
capacity allowed the logger to be used for integrating the various components of 
each water quality monitoring station, and the system as a whole.  Each piece of 
data collected was assigned a “time-stamp” by the datalogger, i.e. the time at 
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which a given monitoring datum or water sample was collected.  By 
synchronizing the time between each CR800 datalogger, it was possible to 
temporally reference data from each station with all the other stations that made 
up the ROB1 PMS. 
 
The CR800 data logger (Figure 4-9) has five analogue channels (4-20 ma), two 
digital channels and a host of serial SDI-12 ports (Greenspan Technology Pty Ltd. 
2008).  These channels and ports provided the interface necessary to integrate the 
equipment at each station, i.e.: 
• Auto-sampler. 
• Flow monitoring. 
• Turbidity sensor. 
• Conductivity and temperature sensor. 
• Telemetry (WQMS H1 only). 
• Rain gauge (WQMS H1 only). 
 
The programmable capability of the CR800 datalogger was used to manage the 
monitoring and sampling regimes of each WQMS as per predefined programs 
(Section 4.5).  This included time intervals for the collection of monitoring data 
(turbidity, conductivity, water temperature, and inlets and outlet flow data) and 
triggering water sampling in accordance with predetermined sampling regimes.  
For WQMS H1, the CR800 datalogger was also used to send SMS alarms 
signifying the triggering of a potential sampling event (section 4.3.3)   
 
The CR800 datalogger was also used to store data from each sensor and keep 
track of when samples were taken.  Data was retrieved from each WQMS after 
each sampling event using the Campbell Scientific Data Logger CR800 user 
interface software (Figure 4-9).  This software also enabled adjustments and / or 
checks to be made to various parameters including adjusting flow rate trigger 
points to begin sampling, re-calibrating time synchronization between each 
station, and checking sensors were functioning correctly prior to a predicted rain 
event. 
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Figure 4-9: Downloading data (left) from data logger (right) onsite.   
The Campbell Scientific CR800 data logger was installed at all five WQMS.  The red circle (right) 
shows where the data download cord was inserted for data transfer to a lap top loaded with the 
CR800 user interface software.   
 
4.3.3 Remote Telemetry Link 
 
For the purposes of this study, a Modmax modem was installed just alongside the 
CR800 data logger (Figure 4-10), and was used to generate an SMS alarm using 
the NextG network to a mobile phone, advising of when sampling at WQMS H1 
had been triggered.  This alarm was triggered by a pulse sent from WQMS H1’s 
CR800 datalogger when the first water sample was taken at H1.  This alarm 
notified the author to check site and equipment conditions during sampling, and 
make preparations for sample extraction and replacement (Section 4.6).   
 
Figure 4-10: Modmax modem (red circle).   
Used to send an SMS alert to advise when 
sampling had been triggered. 
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4.3.4 Flow Monitoring 
 
Each WQMS was fitted with a MACE FloPro Series 3 stream level and velocity 
submergible strap mounted system to allow for continuous flow monitoring at 
each inlet and the outlet.  This system consisted of two major components, i.e., a 
sensor and electronics module (Figure 4-11).  The claimed accuracy of velocity 
measurement is ± 1% (up to 3 m/s) and the claimed accuracy of the depth 
measurement is 1% (full scale range of 4 meters in water between 5 and 55°C) 
(MACE 2011). 
 
The MACE sensor was chosen because it was completely solid-state (i.e. no 
moving parts).  Earlier sensors typically relied on a turbine to measure water 
velocities and were prone becoming jammed by small sticks, stones or other 
detritus.  The MACE sensor measured velocity using continuous wave Doppler 
ultrasound, i.e. sound waves emitted from each sensor measured the speed of dirt, 
bubbles and other inclusion in the water flowing past them.  These sensors also 
included a hydrostatic pressure sensor which uses pressure fluctuations to gauge 
the depth of water flowing over the sensor at any given moment, enabling raw 
data to be reported in litres / second as described below. 
 
 
Figure 4-11: Flow monitoring system.   
Left image shows flow sensor in-situ (note metal ring holding sensor in place securely using sleeve 
bolts anchored into the existing cement stormwater pipe).  With the exception of inlet H3, all other 
flow sensors were installed in the same way.  Right image shows the electronic module inside the 
fibreglass hut (box with green face).  All WQMSs were equipped with a MACE FloPro Series 3 
flow monitoring system. 
 
The electronics module consists of a MACE CardBus system with five slots, a 
standard I/O card supporting seven sensor inputs and four outputs, and a MACE 
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FloSI telemetry interface.  CardBus is a 32-bit, 33 MHz peripheral component 
interconnect (PCI) bus in a PC Card form factor that supports bus mastering to 
allow the FloPro series 3 to “talk” to other devices.  This capability was important 
in this study, as it allowed the FloPro system to be linked to the CR800 Data 
Logger as a slave unit, i.e., the data logger, acting as a PLC, told the FloPro when 
to take a reading, stored that reading, and computed a flow volume from each 
flow velocity and depth reading. 
 
Flow velocities and depth readings were converted into flow volumes using 
MACE FloCalc software loaded onto the CR800 data logger.  The dimensions of 
the inlet or outlet were inputted into this software to enable the computation of 
flow volume using flow velocity and depth data.  For inlets H1, H2 and H4, and 
outlet H5, this simply required entering the internal diameter of each pipe.  
However, the dimension of the concrete apron (post trash rack) of inlet H3 had to 
be surveyed as this multiple pipe inlet precluded the positioning of the flow meter 
anywhere else (Figure 4-12). 
 
 
Figure 4-12: Flow measurement at inlet H3.   
The left image shows the position of the flow sensor at inlet H3.  Unlike all the other locations, H3 
had multiple pipe inlets.  Consequently, the flow sensor had to be placed at the end of the concrete 
apron (red circle), as did the other sensors and water sample off-take (yellow circle).  At this 
station, the apron dimensions were input into the MACE FloCalc software so that velocity and 
height readings could be used to calculate flow volume. 
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4.3.5 Turbidity Sensor 
 
Turbidity is often used as a means of assessing water quality, both in itself 
(Landcom 2009d), and as a surrogate for other pollutants such as total phosphorus 
and total suspended solids (Jones 2008).  For these reasons, each WQMS was 
fitted with a Campbell Scientific OBS-3+ turbidity sensor (Figure 4-13).  
Integration of these sensors was achieved by connection to the Campbell Scientific 
CR800 data logger at each respective WQMS which not only stored turbidity 
readings, but also controlled when readings were taken according to a pre-
determined monitoring program (Section 4.5).  
 
The OBS-3+ turbidity sensor is a submersible probe that uses a backscatter 
method to measure turbidity.  It uses optics to emit a near-infrared light (850 ± 5 
nm) into the water, then measures the amount of light reflected back from the 
suspended particles.  Operational range is 0 to 4,000 nephelometric turbidity units 
(NTU).  
 
In order to achieve a higher level of accuracy, turbidity was measured by using 
two channels, where one channel measured a lower turbidity range (0 to 1,000 
NTU) and the other channel was used to measure the higher turbidity range (1,000 
to 4,000 NTU).  Accuracy is reported as 2% of reading or 5 NTU (whichever is 
greater), with a drift of less than 2% per year.  Each turbidity sensor was also 
fitted with an automated wiper that periodically wiped over the optics to remove 
algae and other obstructions.  
 
4.3.6 Conductivity and Temperature 
 
Conductivity is a commonly used water quality monitoring parameter as it 
measures dissolved constituents, complementing turbidity measurement.  It is also 
a relatively inexpensive and very robust means of measuring water quality. 
 
For this study, each WQMS was fitted with a Campbell Scientific CS547A 
Conductivity and Temperature Sensor optimised for fresh water conditions 
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(Figure 4-13).  This sensor measures EC with three cylindrical stainless steel 
electrodes, and temperature using a thermistor, all of which are mounted in an 
epoxy housing.  Conductivity and temperature effective ranges are reported to be 
0.005 to 7.0 mS/cm and 0 to 50°C respectively.  Reported accuracies for 
conductivity are ± 10% between 0.005 and 0.44 mS/cm and ± 5% between 0.44 
and 7.0 mS/cm.  Reported accuracy for temperature is <0.1°C over a temperature 
range of 0 to 48°C (Campbell Scientific 2010). 
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Figure 4-13: Sensor and sample water off-take cluster.   
Image 1 shows the cluster with the stainless steel security / ant-vandalism cover in place (inlet H1).  Note the hole at the base of the cover.  These were drilled into each cover 
at each of the inlets and the outlet to facilitate flow of water around the sensors and water sample off-take to ensure monitoring readings and water samples were 
representative of water leaving the pipe.  Image 2 shows the cluster with stainless steel cover removed (inlet H2), revealing the turbidity sensor, conductivity sensor and 
sample water off take (a).  Note that the turbidity sensor is sealed inside a black cylinder equipped with an automated wiper (visible in Image 3).  Image 3 shows a close up of 
the sensor and sampling cluster.  Note the small holes (a) that allow water to pass into the water off take while helping to prevent foreign objects from blocking the uptake 
tube.  The automated wiper (b) periodically passes over the optics (finger) to help maintain the accuracy of turbidity readings. 
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4.3.7 Power Source 
 
Each WQMSs required power to run their respective components.  The two 
options for this were the urban grid, or an independent solar source.  Primarily due 
to cost considerations, but also due to the relatively remote locations of WQSs H4 
and H5, solar power was selected as the most practical .  Unfortunately, this meant 
that the two ISCO automatic samplers that included refrigeration capability had to 
be used without this option.  This meant that samples needed to be removed from 
each auto-sampler as quickly as possible after each carousel become full or the 
given sampling event concluded. 
 
Each station was fitted with a stand-alone solar power system designed to be able 
to deliver a reliable, essentially maintenance free, 24 h 12 volt power supply.  This 
was achieved using a deep cycle, sealed battery system connected to a single 
Solarex MSX laminate 20 watt solar panel that delivered up to seven sunless days 
of useable power for each station (Figure 4.14). 
 
 
Figure 4-14:  WQMS H2 showing solar panel array atop support 
pole.   
The aspect of the array is facing northward to maximise exposure to solar 
rays.  The pole also maximises contact to solar rays by clearing nearby 
vegetation and reduces the likelihood of vandalism or theft by making 
access to the solar panel physically difficult. 
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4.3.8 Rain gauge 
 
The study site occurs on a coastal plain between the ocean and an escarpment.  
The combined influence of the ocean and the escarpment produce localised 
rainfall cells (Section 3.3).  Nearby weather stations, were not close enough to 
provide rain data accurate enough for defining specific sampling / rain events (the 
closest being the Bureau of Meteorology’s Albion Park weather station, 
approximately 8 km south south-east of the study site).  Consequently, a rain 
gauge was installed onsite at outlet H1 to ensure the collection of the most 
accurate rainfall data possible for this study.   
 
The rain gauge used was a Tipping Bucket Rain Gauge TB4 installed at inlet H1 
on top of the solar panel pole for the WQMS H1 (Figure 4-15).  The rain gauge 
included an integrated siphon mechanism consisting of a collector funnel with leaf 
filter, siphon control mechanism, and an outer enclosure to house and protect the 
tipping bucket mechanism (Hydrological Services 2009).  This particular rain 
gauge was chosen for its long term stable calibration and low maintenance 
requirements. 
 
This rain gauge, which was connected to WQMS H1’s CR800 data logger, 
syphoned rain into a bucket that was calibrated to tip and make contact with a 
contactor once 0.5 mm of rainwater had filled the bucket.  When contact was 
made, a signal was sent to the data logger which records 0.5 mm of rainfall and 
the time the signal was sent (i.e. its timestamp).  This same action also releases the 
water in the bucket, causing the bucket to right itself back into the rainwater 
collection position, thereby enabling continuous monitoring of rainfall at high 
temporal resolution.   
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Figure 4-15: Tipping Bucket Rain gauge TB4 atop the solar panel pole at inlet 
H1.   
Inset shows main components, namely the tipping bucket mechanism (black), and 
the housing and leaf proof siphon (grey).  The rain gauge draws power from 
monitoring station H1’s solar panel, and is connected to the CR800 data logger 
which records readings during rain events, and assigns a time-stamp to each rain 
gauge datum sent to the logger. 
 
 
4.3.9 Security and protection components 
 
Once installed, all equipment associated with the WQSs remained on-site until the 
end of the data collection period (approximately 14 months).  For this to be 
feasible, the equipment had to be protected from the elements and vandalism 
throughout this period.  Lockable fibreglass huts were chosen to protect the main 
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components of each WQMS as they have a proven capacity to protect against the 
ingress of rain (Figure 4.16).  Further, by colouring these green, they take on the 
appearance of benign infrastructure (e.g., electricity and telecommunication 
maintenance points), allowing them to blend into the urban environment, thereby 
attracting minimal attention.  Leaving the stations in plain sight helps to deter 
vandals. The fibreglass huts included two lockable access doors (front and rear) 
and were bolted securely to a cement slab.   
 
Sensors and water off-take clusters for each WQMS also needed to be protected 
from vandalism and theft (Figure 4.13), as did the rain gauge installed at WQMS 
H1.  The sensors in each cluster were enclosed in a stainless steel casing; with 
holes cut to allow for the relatively unimpeded flow of water (this casing also 
provided protection against impact from large objects during large flow events).  
The rain gauge was protected by installing it atop of the solar panel array pole at 
inlet H1 (Figure 4.15). 
 
During the entire experimental period of the study, no vandalism occurred with 
the exception of some minor graffiti on two of the fibreglass huts. 
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Figure 4-16:  Security and protection features for WQMSs.  
Image (a) shows the fibreglass hut in the fully closed and secured configuration (station H5) whereas image (b) shows the hut fully open, demonstrating the high degree of 
access for technicians and operators (Station H2).  Image (c) shows security and protection strategies for the sensor and water sample off-take cluster (i.e. stainless steel 
cover and galvanised pipe in the foreground), and for the wiring leading to the flow sensor inside the stormwater pipe (galvanised piping in the background leading inside 
stormwater pipe) at inlet H1. 
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4. 4 ROB1 Performance Monitoring System Installation and 
Commissioning 
 
Given the considerable capital investment, and the complexity associated with the 
successful integration of the equipment described in Section 4.3, Greenspan 
Technology Pty Ltd was engaged to install the WQMS and assist with the 
commissioning of the system. 
 
Installation took place between May and June 2009.  It began with the 
establishment of cement footings and galvanised pipe conduits for each station, 
followed by the securing of each fibreglass hut to lock up stage.  Once this was 
complete, the componentry (Section 4.3) was installed.  A detailed description of 
the installation process is provided in Appendix D.   
 
The commissioning phase involved checking systems power, and that sensor 
readings were providing sensible, accurate data.  This process was undertaken 
over two separate days.   
 
The first day (10 July 2009) involved checking power supply, and the turbidity 
and electrical conductivity readings by comparing the readings produced by each 
WQMS against independent meters. Note that this was not intended to be a 
calibration process as this had already been done under controlled conditions as 
per the Factory Acceptance Tests (Appendix E).  Rather, it was an extra level of 
quality control to check for gross / nonsensical errors as a mean of ensuring 
instruments had not been adversely affected by transportation or installation, or 
other unforeseen circumstance.  The results of these tests are provided in Table 
4.1.  The second day (15 July 2009) focused on level and flow velocity calibration 
only.  Unlike the sensors, factory acceptance tests are not enough on their own to 
confirm the accuracy of flow meters as physical factors associated with pipework 
and flow behaviour can reduce accuracy.    
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Table 4.1: Results of on-site, in-situ, instrument check.  
These checks were undertaken following the establishment of each water quality monitoring station 
using an independent turbidity, conductivity and voltage meters. 
Station Parameter Independent CR800 Logger Agreement 
H1 
Battery (V) 13.46 13.45 100% 
EC (µS/cm) 249 214 86% 
Turbidity (NTU) 12 12 100% 
H2 
Battery (V) 13.41 13.51 101% 
EC (µS/cm) No water No water - 
Turbidity (NTU) No water No water - 
H3 
Battery (V) 13.55 13.55 100% 
EC (µS/cm) 1410 1294 92% 
Turbidity (NTU) 16 18 113% 
H4 
Battery (V) 12.88 13.04 101% 
EC (µS/cm) 99 77 78% 
Turbidity (NTU) 16 18 113% 
H5 
Battery (V) 13.41 13.43 100% 
EC (µS/cm) 434 438 101% 
Turbidity (NTU) 7 6.9 99% 
 
 
To calibrate flow measurements for each WQMS, establishing flow through their 
respective pipes was necessary.  While this was not an issue for the pond outlet as 
the pond contained ample water, the inlets provided more of a challenge as they 
only experienced flow during rain.  Waiting for a rainfall event large and long 
enough to calibrate these flow sensors was simply not practical.  This was solved 
by the deployment of a WCC water truck (Figure 4-17), enabling the procedure to 
be executed on an otherwise dry, sunny day.   
 
Flow sensor readings were cross checked against manual readings taken for both 
flow velocity and water stream height (Figure 4-18).  Manual flow measurements 
were taken using an Australian Hydrological Services current meter counter, 
model C.M.C 20 and water stream heights were manually measured using a tape 
measure (Figure 4-19).  The manual readings were compared to readings recorded 
by the flow sensor.  Where the manual measurements and sensor readings differed 
by more than 10%, adjustments were made to bring the difference back to within 
10% agreement.  These adjustments were made by connecting a laptop (with 
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MACE FlocomPlus software installed) to the FloPro unit of the given WQMS and 
adjusting the height reading and / or velocity co-efficient.  The outcome of this 
calibration process is summarised in Table 4.2. 
 
 
Figure 4-17: Wollongong City Council water truck.  
The water truck was used to supply water to allow for flow calibration at the pond inlet stations H1 
to H4 inclusive on an otherwise dry sunny day. 
 
 
Figure 4-18: Flow calibration at WQMS H2.   
Manual readings of flow velocity and height of water above flow 
sensor were taken whilst another monitored the same readings being 
generated by the WQMS (inset).   
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Figure 4-19: Equipment used to manually measure the key 
parameters for flow measurement, i.e. flow velocity and water 
column height.  
At centre is the Australian Hydrological Services current meter 
counter (model C.M.C 20).  Left of centre is the “wand” used to 
position the counter’s fan (also attached).  Right of centre is the tap 
measure used to measure the height of the water column above the 
flow sensor. 
 
 
Table 4.2: Results and adjustments as per WQMS flow calibration day (15 July 2009). 
Station 
ID 
Parameter Manual 
measurement 
Station 
Output 
Adjustment (new reading) 
H1 
Level (m) 0.358 0.360 Left unchanged 
Velocity (m/s) 0.300 0.358 Co-efficient changed to 0.85 
(0.297) 
H2 
Level (m) 0.182 0.182 Left unchanged 
Velocity (m/s) 0.440 0.600 Co-efficient changed to  0.8 
(0.480) 
H3 
Level (m) 0.138 0.176 Adjusted (0.13)   
Velocity (m/s) 0.058 0.058 Co-efficient left unchanged at 
1.0 
H4 
Level (m) 0.144 0.138 Left unchanged 
Velocity (m/s) 0.040 0.038 Co-efficient left unchanged at 
1.0 
H5 
Level (m) 0.072 0.072 Left unchanged 
Velocity (m/s) 0.390 0.468 Co-efficient changed to 0.9 
(0.421) 
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4. 5 Monitoring and Sampling Regime 
 
As outlined in Section 4.1, water quality monitoring and sampling had to strike a 
balance between the temporal resolution necessary to capture sufficient data to 
estimate load balances reliably within the constraints of technological and 
budgetary realities. 
 
The high capacity CR800 data loggers store large amounts of information and 
were programmed to take readings for flow, turbidity, conductivity and water 
temperature at five minute intervals.  In order to capture the high level of 
variability expected in relation to stormwater runoff (even at such high temporal 
resolution, each CR800 data logger had enough capacity for approximately five 
months of continuous data).   
 
The auto-samplers installed at each WQMS, however, were limited to a maximum 
of 24 samples, significantly limiting their capacity to capture such high temporal 
resolution.  To compensate, each auto-sampler was originally programmed to take 
a water sample every five minutes for the first six samples, and every 15 minutes 
thereafter once a minimum flow rate had been achieved (“trigger flow”) and 
providing flow rates were not below this trigger flow rate when the next sample 
was due.  Based on the Event 1 results, this was changed to every 10 minutes for 
the first six samples, then every half an hour thereafter for the inlet WQMSs H1 
through H4 inclusive until all 24 samples had been taken or flow ceased.  The 
WQMS at the outlet, H5, was programmed similarly, except that after the 7th 
sample, remaining samples were taken every hour rather than every half hour.  
This was due to the outlet being far more predictable in terms of flow rate and 
pollutant concentration due to the homogenising influence of the engineered outlet 
and influence of the pond.  
 
The minimum sampling trigger flow rate was pre-set at each WQMS using the 
CR800 Campbell Scientific system interface software.  Each WQMS was 
attributed a different minimum trigger flow rate which was initially estimated 
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based on catchment size, then refined based on field measurements thereafter as 
the experimental phase of the study progressed.   
 
4. 6 Field Work 
 
The following is a summary of the field work undertaken to gather water quality 
data for this study.  A more detailed description has been provided in Appendix F. 
 
Field work was split into two discrete components.  The first was the pre-rain 
event preparations.  This included the preparation of bottles for the auto-samplers, 
as well as system pre-checks and maintenance (the pre-check tasks proved to be 
extremely important regarding the successful measurement of a given rain event 
as detailed in Section 4.7).  The other component was data and sample collection 
which occurred during and after a rain event had passed.  
 
4.6.1 Pre Rain Event Preparation 
 
Before each event, auto samplers were loaded with fresh clean bottles.  Because 
the auto-samplers in each WQMS were custom designed bottles to fit within the 
grooves of the auto-sampler’s carousel (Section 4.3.1), the sample bottles had to 
be thoroughly cleaned prior to use.  Each bottle was first washed with a phosphate 
free detergent (Extran ® MA03), then rinsed three times with potable water, and 
then three times with purified water.  Bottles were then dried, capped and placed 
into their respective carousels and loaded into their respective auto-sampler.  This 
cleaning process was verified through the provision of rinsate samples to the 
laboratory (results of this verification process is provided in Appendix H).  Note 
that each WQMS had two full sets of bottles, i.e. one in the auto-sampler and one 
stored at the Water Laboratory in-case the coming rain event extended beyond the 
maximum time afforded by the 24 bottles in each WQMS (approximately 10 h for 
the inlet stations and approximately 17 h for the outlet).   
 
The Bureau of Meteorology’s rainfall webpage (BoM 2009-2011) was utilised to 
determine when a rain event of sufficient size was likely to occur.  This website 
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provided a reliable five day forecast enabling ample time to prepare sample 
bottles, and conduct system checks and maintenance prior to the onset of a rain 
event.  Approximately 48 hours before a forecasted rain event, each WQMS 
underwent routine checks to ensure sensors and auto-samplers were properly 
prepped and operating correctly in readiness for the coming monitoring and 
sampling event.  The pre-check tasks undertaken were improved based on 
operational experience gained as the experimental phase of the study progressed 
(Section 4.7).  The pre-start check list comprised the following: 
 
• General inspection and cleaning (if necessary) of inlet aprons. 
• Cleaning turbidity, conductivity and flow sensors, and checking water 
sample off-take for blockages (Figure 4-20). 
• Ensuring each WQMS auto-sampler had a full set of fresh bottles + 1 full 
set in reserve. 
• Ensuring WQSs sampling programs were all reset and ready to begin 
monitoring the forecast rain event (Figure 4-21). 
• Ensure settings and parameters such as the event flow rate trigger value 
were correct; sample number showed zero; turbidity and conductivity 
readings where sensible; and that each WQMS clock was correctly 
synchronised with the other stations (this was achieved by connecting the 
field lap top to the CR800 datalogger as shown in Figure 4-21). 
• Check to ensure that the FloPro units in each WQMS had not “frozen” 
and, if so, reboot to re-establish their operation (this was achieved by 
connecting the field lap top directly to the FloPro unit and, using the 
installed FloPro software, checking flow readings were not reporting the 
same number over and over again). 
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Figure 4-20: Cleaning probes and water sample off-take at WQMS 
H1 in preparation for an upcoming rain event.   
Note that the stainless steel protection cover has been removed. 
 
 
 
Figure 4-21: System reset button and lap top connection port, 
WQMS H3.   
The “system reset button” reset the sample programming in readiness 
for new forecasted rain event.  The “laptop connection port” allowed 
a laptop loaded with the CR800 interface software to view system 
information and parameters in real time.  An identical set up was 
available in each of the five WQMSs enclosed in the circuitry box 
(Figure 4-9).   
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4.6.2 Water Sample and Data Collection Logistics 
 
The ROB1 PMS was designed to alert the system operator (author) that a 
sampling event had begun via a SMS to their mobile phone.  This SMS message 
was sent by the remote telemetry link unit installed in WQMS H1 (Section 4.3.3) 
when it received a pulse signal from WQMS H1’s CR800 datalogger which was 
programmed to do so when conditions were such to trigger the same WQMS to 
take its first sample.  This gave the operator approximately 10 hours (depending 
on rain event conditions) to make preparations for the collection of samples and 
their replacement with fresh sample bottles, and the subsequent processing and 
dispatch of samples for laboratory analysis (Section 4.6.4). 
 
Data stored on the CR800 data logger was also collected using the Campbell 
Scientific CR800 data logger interface software. (Figure 4.9)  This usually 
occurred while bottles were being refreshed at a given WQMS, however during 
extended rain events this was done later in order to protect the laptop and the 
exposed electronics of the WQSs from rain damage.  Data was collected by 
connecting the lap top to the laptop connection port (Figure 4-21).   
 
4.6.3 Water Sample Processing and Dispatch 
 
In the WCC Water Laboratory, sample bottles were removed from their tub 
assemblies and refrigerated at approximately 4oC.   
 
Processing involved separating the water collected in each auto-sampler bottle 
into two separate bottles provided by the laboratory (Section 4.6.4), placing them 
into a pre-cooled esky containing ice bricks.  Samples along with quality 
assurance / quality control samples (i.e. duplicate samples, reference samples, 
blanks, rinsate samples and associated chain-of-custody documentation) were then 
dispatched to the Sydney Water Analytical Services (SWAS) laboratory at West 
Ryde.  Laboratory documentation, including laboratory reports and chain of 
custody (CoC) are provided in Appendix G, and quality assurance sample results 
are provided in Appendix H. 
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During this study, approximately 1,110 samples were processed and dispatched to 
the SWAS laboratory. 
 
4.6.4 Water Sample Analysis 
 
All laboratory analyses for this study were undertaken at SWAS laboratory.  
SWAS was chosen as the primary laboratory for analysis in this study due to its 
long standing NATA accreditation (over 50 years). 
 
Total nitrogen and total phosphorus samples (PET bottles) were analysed 
according to the American Public Health Association (APHA) method, code 
NU57 (APHA 4500 – PH & NO3 I).  Total suspended solids were analysed 
according to APHA method, code WC44NS (APHA 2540D & E). 
 
4. 7 Assessment of ROB1 Performance Monitoring System 
 
During this study, six separate “sampling events” were captured based on periods 
of wet weather that occurred between October 2009 and September 2010.  Most 
of the rain periods sampled were discrete events that began and ended with clear 
start and end points.  The only exception was Sampling Event 2, which occurred 
during an extended wet period during February 2010.     
 
This section provides an overview / summary of each sampling event including, 
the nature of the rain that occurred; performance of the monitoring system; and 
the relative usefulness of the data collected.  This information is presented as a 
summary in Table 4.3, followed by a critique of the system in terms of its 
strengths and weaknesses as a means of meeting the challenges outlined in 
Section 4.2.  Hydrographs illustrating when each sample was taken for each event 
described in Table 4.3 are provided in Appendix I.   
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Table 4.3: Summary of the performance of the ROB1 PMS.   
The green, yellow and red dots are a “stop light” system used to convey a visual qualitative assessment of how each station performed Green = Operation as per design 
(good).  Yellow = operational issues resulted in moderate reduction in data capture quality and whilst data was suitable for statistical modelling, it was not suitable for load 
estimations.  Red = serious operational issues have lead to data lost or not suitable for either load estimations or statistical modelling (Appendix I). 
Event  Event WQMS Performance Indicator Comments 
  H1 H2 H3 H4 H5 Overall  
1 25-26 October 2009 (42.5 mm in 21.5 
hours) 
 
Number of water samples collected: 
• WQMS H1 = 24 
• WQMS H2 = 24 
• WQMS H3 = 24 
• WQMS H4 = 24 
• WQMS H5 = 24 
• Total =  120 
      H3 and H5 fired well.  However, a reasonable proportion of the tail  of H3 and a significant proportion of the outlet (H5) tail were missed as samplers completed a full 
cycle and were not replaced with a new set of bottles (refer to Appendix I for sample 
placement).  Root cause = Human error (inexperience with system and site 
conditions).  Solution = change sampling program to increase time between samples 
+ develop bottle collection and replacement regime to include smooth bottle exchange 
during event.  Long term solution = running dummy sample collection as part of 
commissioning process and set up programs accordingly (i.e. getting a feel for the 
true nature of each sub-catchment and the behaviour of the outlet). 
2 Early to mid-February 2010 (Large rain 
event – 118 mm over six days)  
 
Number of water samples collected: 
• WQMS H1 = 48 
• WQMS H2 = 96 
• WQMS H3 = 63 
• WQMS H4 = 78 
• WQMS H5 = 152 
• Total =  437 
      First 24 hours of event missed / data lost due to program coding error following the download of a new program (new program installed to address sample timing issues 
identified from Event 1). Root cause = human error.  Solution = better testing 
following program download (the consultant did test the program, but not sufficiently to 
resolve this problem before it happened), and improved quality control from consultant 
with regard to program development.  Later discussions with consultant revealed that 
the company does have workshop testing protocols to test for this, but they may not 
have been followed by the individual(s) responsible. 
Also, H1 sampler failed due to a distributor arm failure during tail end of this event 
(Appendix I).  Greenspan inspected, reset and tested system, and reported back that 
all was OK  Unfortunately, this was not to be the case (see Event 3).   
Due to the size of the Event 2, it was later decided to compartmentalise this event into 
three sub-events, namely Event 2a, Event 2b and Event 2c to facilitate data analysis 
and statistical modelling, as well as overcoming the impact of the system malfunctions 
described below, such that pollutant load calculations could be undertaken for Event 
2c, hence the green circle attributed to this event overall (refer to Appendix I for further 
details). 
Note that despite the problems experience with this event, the learning’s from Event 1 
which lead to a changed sampling program and bottle replacement regimes were 
applied successfully, resulting in a better spread of samples collected over the whole 
event (refer to Appendix I for graphs showing sample placement). 
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Event  Event WQMS Performance Indicator Comments 
  H1 H2 H3 H4 H5 Overall  
3 28 February – 2 March 2010 (28.5 mm in 
34.25 hours) 
 
Number of water samples collected: 
• WQMS H1 = 7 
• WQMS H2 = 0 
• WQMS H3 = 8 
• WQMS H4 = 15 
• WQMS H5 = 24 
• Total =  54 
      Two unrelated problems lead to a marginal event in terms of the usefulness of this event for load reduction calculations (however, the event still proved useful for the 
provision of data for the statistical model used for this purpose): 
1. H1 again suffered a distributor arm failure after the collection of six samples, 
preventing further collection of samples from H1 for the remainder of Event 
3. 
2. H2 suffered from a FloPro software freeze resulting in no flow data and, 
consequently, no water samples collected at H2 for the entire event. 
 
Re-occurrence of distributor arm failure at H1 Root Cause: age of equipment and 
failure to replace desiccant and properly seal off sampler controller following 
refurbishment of equipment led to moisture getting into the control box causing circuit 
board to fail.  Solution: remove the entire auto-sampler and send it off for cause 
investigation and repairs and replace it with the unit from H4 (H4 was chosen in order 
to minimise the impact on the overall monitoring system as it monitored the smallest 
catchment).    Long Term Solution: When employing pre-used auto-samplers, pre-
installation maintenance regime to include replacement of seals before a project is 
started, plus the replacement of desiccant inside the sampler controller.  Routine 
maintenance program should also include inspection of desiccant once the project is 
underway. 
 
FloPro software freeze at WQMS H2: Root Cause: Uncertain.  At the time, it was 
suggested that a power surge due to lightning strike might have caused the problem 
(this was later discounted, as per Event 4)  Immediate Solution: Assuming lightning 
strike, no immediate solution was proposed due to the random nature of such events.  
Long Term Solution: Lightning rods and appropriate earthing for each station. 
4 30 March – 5 April 2010 (73 mm in 6 days 
and 23.75 hours) 
 
Number of water samples collected: 
• WQMS H1 = 35 
• WQMS H2 = 69 
• WQMS H3 = 14 
• WQMS H4 = 0 
• WQMS H5 = 117 
• Total =  235 
      H4 sampling capability was not available for Event 4 due to its auto-sampler being moved to H1 as per reasons given above for Event 3, however parameters such as 
flow, turbidity, conductivity and water temperature were still being recorded.  H3 
suffered the same flow measurement software freeze that H2 suffered for the previous 
event.  Otherwise, all stations operated effectively.   
 
Had H3 not suffered from the freezing of its FloPro software resulting in flow data not 
being recorded for inlet H3, this event would have been suitable for load calculations.  
However, the problem was caught early enough to rectify it part way through the event 
allowing samples to be collected, hence the data for this WQMS was still suitable for 
building the statistical model used to calculate pollutant loads entering and leaving the 
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Event  Event WQMS Performance Indicator Comments 
  H1 H2 H3 H4 H5 Overall  
pond (Chapter 5).  Root cause = high temperatures inside green hut suspected to be 
causing freeze.  Solution: pre-start checks were improved to include checking flow 
software within 24 hours of an expected event and re-booting if necessary.  Long 
Term Solution: Difficult to ascertain, however problem may be related to high 
temperatures within WQMS huts, therefore installing improved ventilation may assist 
(e.g. simple powerless turbine ventilator on roof, or height differentiated ventilation to 
improve air circulation). 
5 2 – 4 September 2010 (25 mm in 2 days 
and 13.5 hours) 
 
Number of water samples collected: 
• WQMS H1 = 13 
• WQMS H2 = 27 
• WQMS H3 = 5 
• WQMS H4 = 28 
• WQMS H5 = 74 
• Total =  147 
      All stations fired as per design, however H3 failed to collect the second round of samples due to peristaltic pump tube failure resulting (wear due to the constant action 
of the peristaltic pump rollers on the tubing eventually causing a hole to form),  
Otherwise, H3 performed as per design.  Root Cause: inadequate maintenance 
regime; Immediate Solution: replaced tubing; Preventative Solution: every three 
months, reverse tubing such that the worn end is no longer exposed to the rollers.  If 
this procedure was done during previous maintenance, replace tubing. 
 
 
6 14 – 15 September 2010 (25 mm in 1 day 
and 17.25 hours) 
 
Number of water samples collected: 
• WQMS H1 = 24 
• WQMS H2 = 19 
• WQMS H3 = 24 
• WQMS H4 = 24 
• WQMS H5 = 35 
• Total =  126 
      Near perfect event, with the exception that that appropriately trained personnel was not available to change used sample bottles with fresh bottles, resulting in the tail of 
the event not being sampled.  Root cause: lack of personnel appropriately trained to 
operate equipment; Solution: train up a second individual in bottle replacement and 
sample storage. 
 
Also, H3 registered multiple zero flows.  Root cause: inlet design tended to confound 
flow measurement due to the close proximity of the trash rack disrupting laminar flows 
under high flow conditions.  Immediate Solution: Due to the nature of the root cause, 
short term solution limited to inferring these missing flows based on previous and 
subsequent flows (note, the overall contribution of these inferred flows represented 
less than 5% of the overall readings).  Preventative Solution: ensuring future 
infrastructure have purpose built / designed measuring points that facilitate flow 
measurement better (i.e. small sections designed to provide laminar flow). 
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4.7.1 Critique of the ROB1 Performance Monitoring System 
 
The data collection method / system employed in this study was complex, 
requiring the integration of multiple devices and three operating systems.  A 
review of Table 4.3 demonstrates that this complexity resulted in a number of 
problems and less than perfect data collection.  Further, the capital investment 
(approx. $150,000) was significant. 
 
However, what is also evident from Table 4.3 and the hydrographs provided in 
Appendix I, is that when the system did operate well, the collection of water 
quality data was of a quality unmatched by the studies reviewed in Chapter 2 
(Section 2.4) in terms of temporal resolution, comparability and volume of data.  
Flow, turbidity, conductivity and water temperature data were collected every five 
minutes throughout the entirety of an event, and the collection of water samples 
took place more frequently than these studies; occurred more evenly across each 
event; and were generally more easily linked with the collection of other data (i.e., 
time-stamp capability afforded by the CR800 data logger).  This capability was to 
prove very important in developing the statistical model used to estimate the 
performance of ROB1 (Chapter 5). 
 
Moreover, many of the operational problems identified in Table 4.3 were 
ultimately the result of human error / inexperience rather than equipment failure, 
and were solved via the application of simple operational solutions that required 
low levels of technical capability on behalf of the operator (e.g. pre-start checks 
and the improvement of maintenance regimes).    The success of these solutions is 
evident in the improved performance of the ROB1 WQMS during the last three 
sampling events.  
 
It is also important to note that five WQMS were used in this study because 
ROB1 consisted of four inlets and an outlet.  This number is at the upper end of 
what would be expected for most modern stormwater management measures, as 
most systems typically consist of one or two inlets to avoid issues such as short 
circuiting and as a consequence of the move towards more linear “treatment train” 
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measures (Section 2.3.3).  Hence, the application of a similar method to other 
measures is likely to require only two or perhaps three WQMS.  This will not only 
significantly reduce the initial capital cost of the establishing a PMS, but will also 
reduce the probability of equipment failure (i.e. less equipment means lower 
probability of failure).   
 
In conclusion, the methodology applied in this study, while expensive and 
technically challenging, is also capable of collecting data at a rate and level of 
quality rarely seen in the literature.  Assuming that the operational lessons learned 
from this study are applied to future studies, it is likely that similar or better 
equipment performance could be achieved, resulting in even higher levels of data 
capture quality and consistency. 
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5 ESTIMATING POLLUTANT LOAD BALANCES 
5. 1 Introduction 
 
The first objective of this study was to “assess the nutrients and suspended solid 
(Priority Pollutants) reduction capacity of the WQCP ROB1...” (Section 1.4), 
where “nutrient” is taken to mean TN and TP.  A review of similar studies 
(Chapter 2) revealed that a range of methods have been used for estimating the 
removal efficiency of wetland systems, however most of these studies did not 
satisfactorily explain the confidence associated with the methods employed.  In 
this chapter, an attempt is made to address these short falls through the application 
of robust statistical modelling underpinned by the intensive field data collected 
during this study (Chapter 4).  
 
When this study was conceived it was envisaged that simple correlations between 
the monitored physical data and Priority Pollutants (TSS, TN and TP) could be 
found (Landcom 2009d).  However, initial analysis of the data from this study 
determined that simple correlations were either too weak to be useful or, when 
strong relationships were found, they were unstable and tended to fluctuate both 
within and between rain events.  Following consultation with the University of 
Wollongong’s School of Mathematics and Applied Statistics (Professor Ray 
Chambers), the decision was taken to use a least squares approach to construct 
multi-variable Standard Least Squares statistical models as an alternative means 
of predicting TN, TP and TSS.   
 
5. 2 Methodology 
 
The methodology used in this study to estimate the pollutant reduction capacity of 
ROB1 was split into two consecutive parts.  The first was the establishment of a 
predictive tool or “model” capable of estimating TN, TP and TSS concentrations 
using the high temporal resolution monitoring data collected during this study that 
was also able to quantifiably express the degree of confidence and likely accuracy 
of those predictions.  The second was to use the predictive capability of the 
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models to estimate the degree to which ROB 1 was able to reduce TN, TP and 
TSS loads in urban runoff before release into receiving waters (Robins Creek). 
 
5.2.1 Part 1: Establishing a Predictive Model 
 
A predictive tool capable of utilizing the high resolution data collected during this 
study was developed using standard least squares procedures to fit a multivariate 
statistical model to the TN, TP and TSS data collected across six rain events along 
with their respective monitoring results recorded simultaneously with sampling.  
This was made possible by synchronised time-stamping capability of the CR800 
data logger installed in each WQMS (Section 4.2). 
 
The process of model development is summarised in Figure 5-1 and detailed 
below. 
5.2.1.1 Field Data Conversion and Collation 
 
The data files (.DAT Files) extracted from the CR800 Data Loggers from each 
WQMS were converted to Excel files using Excel’s “Text Import Wizard” 
(Version 14.0.6112.5000).  The data from each WQMS was “cleaned up” 
(superfluous data removed), and then collated into an Excel spreadsheet (one 
spreadsheet per Event) in chronological order.   Laboratory results for water 
samples from each event were manually entered into each spreadsheet by 
matching sample ID with sample numbering recorded by each WQMS’s data 
logger.  The end result of this process was six spreadsheets (referred to as “Event 
Spreadsheets”, i.e., one for each Event, each containing five worksheets (one for 
each WQMS), that contained all relevant water monitoring and water sample data 
in chronological order.   
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Figure 5-1: From data logger to fitted models: an illustrated summary of how field data was collected, collated and used to construct two 
models for predicting TN, TP and TSS using high temporal resolution monitoring data. 
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Event spreadsheets were then expanded to include five pivot tables (one for each 
WQMS) that were then used to selectively draw out the laboratory results for each 
water sample along with the field monitoring results recorded at each sampling 
time.  The information from each event spreadsheet was combined into a new 
single spreadsheet that contained all the water sample analysis and their associated 
monitoring results, sorted by Event and WQMS, and anchored via time stamping 
in chronological order (referred to as the “Modelling Data Spreadsheet”, 
Appendix J). 
 
5.2.1.2 Derivation of Additional Parameters 
 
The Modelling Data Spreadsheet was then slightly modified by creating additional 
parameters thought likely to improve the robustness of the predictive model.  
These new parameters were “Event”, “Sub-event” and “Cumulative Flow”.  
 
 “Event” refers to a discrete rain / sampling event.  Delineation of a given Event 
was based on rainfall, where a period greater than 48 hours without any 
precipitation was considered to be minimum time lapse between two events (in 
this study, measured rain events were separated by much longer dry periods).  
Each Event, except Event 6, was broken into sub-events (Event 6 exhibited no 
significant break in urban runoff flows hence sub-events were not warranted).  
Sub-events were delineated based on an examination of hydrographs of an Event 
(Appendix I) and were assigned based on short periods of no measureable flow 
(i.e., short gaps in rainfall) within the given Event (Figure 5-2).  This was done to 
account for potential effects associated with rainfall intensity changes and other 
unforeseen consequences of disrupted rainfall / surface runoff flows.   
 
“Cumulative Flow” was added to the data set to take into account “wash-off” 
effects (Section 2.2.5).  This was derived via calculation, i.e., by simply 
multiplying up each five minute flow reading (L/s) by 300 seconds and adding 
each to the previous values.  This created a data set that provided both the total 
volume passing through each inlet and the outlet for each Event, and the nature of 
its accumulation throughout the event. 
129 
 
5.2.1.3 Fitting the Model 
 
Data from all six events (Appendix I, Appendix J) were utilised to construct the 
predictive models created for this study.  Laboratory results and their 
corresponding monitoring results were transferred from the Modelling Data 
Spreadsheet into JMP (version 9.0.2).  Before fitting the model, variables that 
exhibited highly skewed distributions were transformed to their natural log (i.e., 
turbidity, conductivity, flow rate, cumulative flow, TN concentration, TP 
concentration and TSS concentration).  This  reduced the instability associated 
with modelling highly skewed data sets, and ensured that more normally 
distributed datasets best suited to model-fitting via standard least squares were 
used in the analysis. 
 
A multivariate linear regression Standard Least Squares model was then fitted via 
standard least squares to Log TN, Log TSS, and Log TP (response variables) 
using the following “explanatory variables”: 
 
• Log Turbidity. 
• Log Conductivity. 
• Log flow rate. 
• Log Cumulative Flow. 
• Water temperature. 
• Rain event. 
• Sub event. 
• Station. 
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Figure 5-2: Illustration of the assignment of sub-events to an Event using Event 1 as an example. 
Red dots show when water samples were taken and the blue line, “Flow”, is based on flow readings taken every 5 minutes at WQMS H1 during Event 1.  Note the difference 
in the nature of rainfall and subsequent flow patterns for each Sub-event.   
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Modelling included both main (direct) linear effects, as well as second order 
interactions (indirect effects) to account for potential non-linearity in the 
relationships between explanatory and response variables.  Screening was applied 
to the model in order to identify and remove non-significant terms.  Model 
regression diagnostics were used to check model performance and remove 
outliers.   
 
Turbidity and conductivity were included in the model because they are often 
used for establishing / inferring water quality due to their capacity to determine 
degrees of suspended and dissolved substances in water respectively.  Flow rate 
and cumulative flow were included as a means of accounting for wash-off effects 
(Section 2.2.5.2).  Water temperature was captured by default (i.e. its 
measurement is included with conductivity for calibration purposes).  While it 
was not expected that temperature would play a direct role in predicting any of the 
response variables, it was included to test any potential second order interaction 
effects. 
 
The binary variables Event, Sub-Event and WQMS were also included in the 
model.  Rain Event was included to account for variation between rain events 
such as antecedent rainfall, rainfall intensity fluctuations and duration.  Sub-Event 
were included to pick up subtle difference between rain periods within a given 
rain event and the higher intensities often associated with the return of rainfall 
after short periods of light or no precipitation (Figure 5-2).   Delineation of data 
according to WQMS was also included in the model to account for potential “pipe 
effects”, i.e., the variation in water quality that may occur between inlets due to 
the nuances associated with the catchment draining its respective inlet pipe or, in 
the case of WQMS H5, the different processes associated with TN, TP and TSS 
fluxes within ROB1. 
 
A single model that included all data from each WQMS was initially used.  A 
review of diagnostics generated for this model revealed linear correlations (R2) in 
the order of 0.5 to 0.75, depending on which response variable (TN, TP or TSS) 
was being predicted, which was considered too low for the objectives of this 
study.  Hence, the decision was taken to create two separate predictive models, 
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i.e., one for the inlets to ROB1, the “Inlet Predictive Model” or IPM (WQMS H1 
through H4 inclusive), and the other for the outlet of ROB1, the “Outlet Predictive 
Model” or OPM (WQMS H5 only).  The construction effects for each of these 
models are provided in Appendix K.  Note that due to the controlled / engineered 
nature of the discharge from the pond via the outlet structure, sub-events had 
minimal direct effect on outlet flow; hence they were excluded from the OPM. 
 
Creation of two separate models significantly improved the predictive diagnostic 
outputs for each model.  Consequently, two separate models were used for this 
study (Section 5.4).  The construction of effects (i.e. how the explanatory 
variables were assembled) for each model is set out in Appendix K). 
 
5.2.2 Part 2: Determining Pollutant Load Reductions 
 
Load reductions for priority pollutants were estimated on an Event basis by 
estimating the pollutant loads flowing into and out of ROB1 for each Event.  This 
allowed pollutant reduction estimates to be checked against conditions such as 
event size; the nature of rain fall during a given event; antecedent rain, and pond 
volume at the start of each event (i.e., a means of sanity-checking load mass 
balance estimates).   
 
While a total of six Events were monitored during the experimental phase of this 
study, only four events were ultimately used to calculate load reduction, namely 
Event 1, Event 2c, Event 5 and Event 6.  Events 3 and 4 were excluded due to 
incomplete data sets which were a result of technical and operational problems 
that occurred with the field equipment during these Events (Table 4.3, Appendix 
I).  For similar reasons, Event 2 as a whole could not be used; however, due to its 
size, it was both possible and beneficial to delineate and extract a subset of data 
from Event 2, i.e., “Event 2c”.  These chosen Events are collectively referred to as 
the “Selected Events”. 
 
The process for determining load balances (i.e., loads entering the pond verses 
those leaving the pond) is illustrated in Figure 5-3, and Section 5.2.2.1. 
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5.2.2.1 Predicting TN and TP 
 
Once the IPM and the OPM had been successfully fitted, JMP was used to create 
a “Prediction Formula” column for the response variables log TN and log TP in 
each model (for reasons identified in Section 5.3.1.6 and Section 5.4, using these 
models to predict TSS was not considered viable).  These columns utilised the 
formulae defining the fitted models for their respective response variables (i.e. log 
TN and log TP).  Once these columns were established, the data used to fit the 
model was removed and replaced with the high temporal resolution (5 minute 
interval) monitoring data collected from the five WQMS for a given event i.e. Sub 
Event, flow rate, cumulative flow, conductivity, turbidity and water temperature 
(these values were extracted from Excel Pivot Tables created for each Event), 
demarcated against sub-event.  When all of this data was inserted for a given 
Event, JMP automatically performed the following: 
 
• Converted skewed data sets to their natural log (section 5.3.1.4). 
• Generated a predicted response variable (i.e., log TN, log TP) for each 5 
minute monitoring interval (i.e., response variable prediction for every 5 
minute monitoring data grab for the duration of the given Event). 
 
The predicted response variables were extracted from the model and inserted into 
“Load Computation Spreadsheets” (Appendix L) generated in Excel for each 
Selected Event, i.e. Event 1, Event 2c, Event 5 and Event 6.   
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Figure 5-3: From predictive model to estimated pollutant load reduction for a given Event: an illustrated summary of how the Predictive Inlet Model and Predictive 
Outlet Model and Excel computations were used to estimate TN and TP load reductions at ROB1. 
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Each of the Load Computation Spreadsheets was set up to perform the following 
computations: 
 
• Back transform predicted response variables from the natural log to 
produce a predicted concentration for TN and TP for each 5 minute 
interval using the following formula, which corrects for back 
transformation-induced bias in prediction: 
 
 
o Where x = predicted concentration of TN or TP, 
o log x = predicted concentration of log TN and log TP, and 
o RMSE = Root mean squared error as calculated by the IPM or 
OPM for log TN and log TP. 
• Determine the approximate flow rate for each 5 minute interval by 
multiplying the flow rate reading (L/s) by 300 seconds (5 minutes) to give 
the estimate volume passing through the given inlet or outlet for that 5 
minute period. 
• Estimate the TN and TP load for each station by multiplying the estimated 
concentration of each 5 minute period by the corresponding estimated 
volume flow through the given WQMS, and summing each result to give 
an overall load estimate for each WQMS during the given Event. 
 
Analyses were performed for each WQMS on individual worksheets within the 
Event’s Load Calculation Spreadsheet.  The Load Calculation Spreadsheet then 
computed the load reduction for both TN and TP for the given rain event by 
performing the following calculation: 
 
 
 
Where, 
• PLR – Estimated pollutant load reduction for a given Event.  
• EELO – Estimated Event Load – Outlet (WQMS H5). 
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• EELI – Estimated Event Load – Inlets (Sum of event loads for each 
WQMSs H1, H2, H3 and H4). 
 
 
5. 3 Results 
 
5.3.1 Model Diagnostics 
 
The process described in Section 5.2.1 created two predictive models, i.e. the 
“Inlet Predictive Model” (IPM), and the “Outlet Predictive Model” (OPM).  In 
this section, performance diagnostic information is presented for each model for 
the three response variables Log TN, Log TP and Log TSS to assess their viability 
for predicting these response variables, and the associated confidence in each. 
 
5.3.1.1 Log TN Prediction – ROB1 Pond Inlets 
 
A summary of the key diagnostic outputs generated by the IPM for log TN are 
provided in Figure 5-4 and Table 5-1. 
 
 
Figure 5-4: Actual by Predicted plot (left) and Residual by Predicted plot (right) generated 
by the IPM when applied to predicting log TN. 
Rsq = R2 response coefficient and RMSE = root mean squared error.  Coloured dots differentiate 
WQMS H1 through H4. 
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Table 5-1: Summary of fit and analysis of variance indicators 
generated by the IPM when applied to predicting Log TN.  
R2 response coefficient 0.89 
Root Mean Squared Error (RSME) 0.2737 
Observations 660 
Outliers excluded 2 
Degrees of freedom 64 
F ratio 73.4 
Prob > F <0.0001 
 
The diagnostics provided in Figure 5-4 and Table 5-1demonstrate a moderately 
high correlation between explanatory variables and the response variable, log TN, 
and a high level of confidence that the interactions underpinning the model are not 
random.  The actual versus predicted plot for the model reveals a relatively tight 
linear relationship between actual versus predicted values (Figure 5-4).  This is 
reflected in the high R2 value (Table 5-1), indicating that the model is able to 
explain approximately 89% of the variation.  The residual versus predicted log TN 
plot shows no discernible pattern, providing additional evidence / confidence that 
the linear regression model constructed is a good fit for the data (i.e. the 
relationship is linear and the model has not missed any discernible relationships 
within the data).  Analysis of variance outputs (Table 5-1) further supports 
confidence in the model’s robustness, revealing a very high F ratio (73.4, Prob > F 
= <0.0001) and degrees of freedom being well below the number of observations 
used to construct the model. 
 
The IPM, when applied to log TN (and therefore TN), generated 64 parameters 
(i.e. 64 degrees of freedom) to model TN in runoff in each of the four catchments 
draining to ROB1 (Appendix M).  Of these 64 parameters, 24 were considered to 
be “highly significant” (t-ratio >2).  The more important main effects and second 
order interactions making up these highly significant parameters (from highest to 
lowest) included: 
• Rain event. 
• Second order interaction between cumulative flow and water temperature 
(negatively correlated). 
• Catchment effects (referred to as “station χ” in the model). 
138 
 
• Second order interactions between log turbidity and log conductivity. 
• Log turbidity. 
• Log cumulative flow (negative correlation). 
• Log flow rate. 
• Second order interactions between log turbidity and log flow rate 
(negatively correlated). 
• Second order interactions between log conductivity and water temperature 
• Second order interactions between water temperature and log flow rate 
(negatively correlated). 
 
Main-effects not mentioned above were water temperature, log conductivity and 
Sub-events.  However, these appeared further down the list (t-ratio <2) indicating 
that, in the presence of the second order interactions, They play a relatively small 
part in explaining the variation of TN in surface runoff coming off ROB1’s 
catchment. 
 
5.3.1.2 Log TN Prediction – ROB1 Pond Outlet 
 
A summary of key diagnostic outputs for the OPM used to predict log TN are 
provided in Figure 5-5and Table 5-2.   
 
 
Figure 5-5: Actual by Predicted plot (left) and Residual by Predicted plot (right) 
generated by the OPM when predicting log TN.  
Rsq = R2 response coefficient and RMSE = root mean squared error.   
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Table 5-2: Summary of fit and analysis of variance indicators 
for the OMP when applied to predicting Log TN.  
R2 response coefficient 0.83 
Root Mean Squared Error (RSME) 0.1929 
Observations 425 
Outliers excluded 2 
Degrees of freedom 20 
F ratio 96.3 
Prob > F < 0.0001 
 
The diagnostics provided in Figure 5-5and Table 5-2 demonstrate a moderately 
strong correlation between explanatory variables and the response variable, log 
TN, and a high level of confidence that the interactions underpinning the model 
are not random.  The actual versus predicted plot for the model reveals a relatively 
tight linear relationship between actual versus predicted values (Figure 5-5).  This 
is reflected in the relatively high R2 value (Table 5-2) indicating that the model is 
able to explain 83% of the variation.  The residual versus predicted log TN plot 
showed no discernible pattern, providing additional evidence / confidence that the 
model constructed is a good fit for the data (i.e., the relationship is linear and the 
model has not missed any discernible relationships within the data).  Analysis of 
variance outputs (Table 5-2) further support confidence in the model’s predictive 
capacity, revealing a high F ratio (96.3, Prob > F = <0.0001) and degrees of 
freedom well below the number of observations used to construct the model. 
 
The OPM, when applied to log TN (and therefore TN), relied on 20 parameters 
(i.e. 20 degrees of freedom) to model TN in outlet waters draining from ROB1 
(full list provided in Appendix N).  Of these 20 parameters, 14 are considered to 
be “highly significant” (t-ratio >2).  The more important main effects and second 
order interactions (from highest to lowest) included: 
• Rain event. 
• Second order interactions between log cumulative flow and water 
temperature (negatively correlated). 
• Log cumulative flow. 
• Second order interactions between log commutative flow and log 
conductivity (negatively correlated). 
140 
 
• Second order interactions between log conductivity and water temperature. 
• Water temperature (negatively correlated). 
• Log flow rate. 
• Second order interactions between log turbidity and og conductivity. 
• Second order interactions between log conductivity and log flow rate 
(negatively correlated). 
• Log turbidity (negatively correlated). 
• Second order interactions between water temperature and log flow rate 
(negatively correlated). 
 
The only main-effect not listed above was log conductivity which appeared 
further down the list (t-ratio = 0.58) indicating that it plays a relatively small part 
in explaining the variation of TN draining from ROB1. 
 
5.3.1.3 Log TP Prediction – ROB1 Pond Inlets 
 
A summary of the key diagnostic outputs generated by the IPM for log TP are 
provided in Figure 5-6 and Table 5-3.   
 
 
Figure 5-6:  Actual by Predicted plot (left) and Residual by Predicted plot (right) generated 
by the IPM for log TP. 
Rsq = R2 response coefficient and RMSE = root mean squared error).  Coloured dots differentiate 
WQMS H1 through H4. 
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Table 5-3: Summary of fit and analysis of variance indicators 
generated by the IPM when applied to predicting log TP. 
R2 response coefficient 0.81 
Root Mean Squared Error (RSME) 0.3464 
Observations 688 
Outliers excluded 2 
Degrees of freedom 64 
F ratio 39.7 
Prob > F < 0.0001 
 
The diagnostics provided in Figure 5-6 and Table 5-3 demonstrate that the IPM 
produces a moderately high correlation between explanatory variables and log TP 
(response variable), and a high level of confidence that the interactions 
underpinning the model are not random.  The actual versus predicted plot for log 
TP reveals a relatively tight linear relationship between actual values versus 
predicted values (Figure 5-6).  The high R2 value (Table 5-3) indicates that the 
model explains approximately 81% of the variation.  The residual versus predicted 
log TP plot shows no discernible pattern, providing additional evidence / 
confidence that the model constructed is a good fit for the data   Analysis of 
variance outputs (Table 5-3) adds further support to the model’s capacity to 
predict log TP, revealing a high F ratio (39.7, Prob > F = <0.0001) and degrees of 
freedom well below the number of observations used to construct the model. 
 
The IPM, when applied to log TP (and therefore TP), generated 64 parameters 
(i.e., 64 degrees of freedom) to model TP in runoff in each of the four catchments 
draining to ROB1 (Appendix M).  Of these 64 parameters, 36 were considered 
“highly significant” (t-ratio > 2).  The more important main effects and second 
order interactions parameters (from highest to lowest) included: 
• Second order interactions between log cumulative flow and water. 
temperature (negatively correlated). 
• Log cumulative flow.  
• Catchment effects (referred to as “station χ” in the model). 
• Second order interactions between catchment effects and water 
temperature. 
• Second order interactions between sub events and log conductivity.   
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• Water temperature. 
• Second order interactions between log cumulative flow and turbidity. 
• Second order interactions between log cumulative flow and log 
conductivity (negatively correlated). 
• Second order interactions between log turbidity and log flow rate 
(negatively correlated). 
• Log flow rate. 
• Second order interactions between log turbidity and water temperature 
(negatively correlated). 
 
Main-effects not mentioned above were log turbidity, log conductivity, rain event 
and Sub-event”.  Their appearance further down the list (t-ratio < 2) indicates that 
they play a relatively small part in explaining the variation of TP in surface runoff 
coming off ROB1’s catchment. 
 
5.3.1.4 Log TP Prediction – ROB1 Pond Outlet 
 
A summary of the key diagnostic outputs generated by the OPM for log TP are 
provided in Figure 5-7and Table 5-4.   
 
.   
Figure 5-7: Actual by Predicted plot (left) and Residual by Predicted plot (right) for the 
OPM when applied to predicting Log TP. 
(Rsq = R2 response coefficient and RMSE = root mean squared error).   
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Table 5-4: Summary of fit and analysis of variance indicators 
generated by the OPM when applied to predicting log TP. 
R2 response coefficient 0.90 
Root Mean Squared Error (RSME) 0.1933 
Observations 418 
Outliers excluded 2 
Degrees of freedom 20 
F ratio 175.6 
Prob > F < 0.0001 
 
The diagnostics provided in Figure 5-7 and Table 5-4 demonstrate a strong 
correlation between explanatory variables and the response variable, log TP, and a 
very high level of confidence that the interactions underpinning the model are not 
random.  The actual versus predicted plot for the model reveals a relatively tight 
linear relationship between actual values versus predicted values (Figure 5-7).  
This is reflected in the high R2 value (Table 5-4) indicating that the model 
explains almost 90% of the variation.  Further, the residual versus predicted log 
TP plot shows no discernible pattern, providing additional evidence / confidence 
that the model constructed is a good fit for the data Analysis of variance outputs 
(Table 5-4) further supports confidence in the model’s predictive capacity, 
revealing a very high F ratio (175.6, Prob > F = <0.0001) and degrees of freedom 
well below the number of observations used to construct the model. 
 
The OPM, when applied to log TP (and therefore TP), generated 20 parameters 
(i.e. 20 degrees of freedom) to model TP in outlet (full list provided in Appendix 
N).  Of these 20 parameters, 14 were considered “highly significant” (t-ratio >2).  
The more important main effects and second order interactions parameters (from 
highest to lowest) included: 
• Rain event (very strong). 
• Log cumulative flow. 
• Second order interactions between log cumulative flow and log 
conductivity (negatively correlated). 
• Second order interactions between log conductivity and water temperature. 
• Second order interactions between log cumulative flow and water 
temperature (negatively correlated). 
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• Water temperature (negatively correlated). 
• Log flow rate. 
• Second order interactions between log conductivity and log flow rate 
(negatively correlated). 
• Second order interactions between water temperature and log flow rate 
(negatively correlated). 
• Second order interactions between cumulative low and log flow rate 
(negatively correlated). 
 
The main-effects log turbidity and log conductivity appeared further down the list 
(t-ratio < 2) indicating that they play a small part in explaining the variation of TP 
in outlet waters draining from ROB1. 
 
5.3.1.5 Log TSS Prediction – Pond Inlets 
 
A summary of the key diagnostic outputs generated by the IPM for log TSS are 
provided in Figure 5-8 and Table 5-5.   
 
 
Figure 5-8: Actual by Predicted plot (left) and Residual by Predicted plot (right) for the IPM 
when applied to predicting log TSS.  
Rsq = R2 response coefficient and RMSE = root mean squared error.  Note: coloured dots 
differentiate WQMS H1 through H4. 
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Table 5-5: Summary of fit and analysis of variance indicators for the 
IPM when applied to predicting log TSS. 
R2 response coefficient 0.71 
Root Mean Squared Error (RSME) 0.7184 
Observations 662 
Outliers excluded 2 
Degrees of freedom 64 
F ratio 23.2 
Prob > F <0.0001 
 
The diagnostics provided in Figure 5-8 and Table 5-5demonstrate that the IPM 
produces a useable correlation between explanatory variables and log TSS 
(response variable) and a reasonable level of confidence that the interactions 
underpinning the model are not random.  However, the diagnostic outputs were 
not as strong as those produced for log TN and log TP using the IPM.   
 
The actual versus predicted plot for log TSS generated by the IPM reveals a 
reasonable linear spread of data points when actual values are plotted against 
predicted values (Figure 5-8).  This is reflected in a R2 value (Table 5-5) 
indicating that the model explains approximately 71 % of the variation.  However, 
both the actual versus predicted plot and the residual versus predicted plot (Figure 
5-8) exhibited striations that are of concern in terms of their impact on the 
predictive ability of the model.  These striations are likely due to the limitations of 
reporting for TSS by the laboratory used for this study (all results that were 
reported as <2 mg/L were arbitrarily assigned a value zero ) which created a bias 
towards a large number of zero readings being incorporated into the TSS data 
used to construct the model (i.e.,).  This is reflected in the lower R2 value when 
used to predict log TSS relative to Log TN and Log TP.  Similarly, the F ratio for 
predicting log TSS is also lower (23.2, Prob > F = <0.0001).  Despite the poorer 
diagnostic outputs, the IPM is robust enough to provide a reasonable level of 
confidence in relation to predicting log TSS.   
 
The IPM, when applied to log TSS (and therefore TSS), generated 64 parameters 
(i.e. 64 degrees of freedom) to model TSS in runoff from the four catchments 
draining to ROB1 (Appendix M).  Of these 64 parameters, only 14 were 
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considered to be “highly significant” (t-ratio > 2) and the more important main 
effects and second order interactions (from highest to lowest) included: 
• Second order interactions between log cumulative flow and log turbidity 
(negatively correlated). 
• Second order interaction between turbidity and water temperature.  
• Second order interactions between Sub-events and log cumulative flow. 
• Log turbidity. 
• Water temperature. 
• Log flow rate. 
• Second order interactions between catchments (referred to as “station χ” in 
the model) and log turbidity. 
 
Main-effects not mentioned above were log conductivity and Rain Event which 
appeared further down the list (t-ratio < 2) indicating that they play a relatively 
small part in explaining the variation of TSS in surface runoff coming off ROB1’s 
catchment. 
 
5.3.1.6 Log TSS Prediction – Pond Outlet 
 
A summary of the key diagnostic outputs generated by the OPM for log TSS are 
provided in Figure 5-9 and Table 5-6.     
 
 
Figure 5-9: Actual by Predicted plot (left) and Residual by Predicted plot (right) generated 
by the OPM when applied to predicting Log TSS.  
Rsq = R2 response coefficient and RMSE = root mean squared error.   
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Table 5-6: Summary of fit and analysis of variance indicators 
generated by the OPM when applied to predicting log TSS. 
R2 response coefficient 0.54 
Root Mean Squared Error (RSME) 0.5659 
Observations 418 
Outliers excluded 2 
Degrees of freedom 20 
F ratio 23.3 
Prob > F <0.001 
 
The diagnostics provided in Figure 5-9and Table 5-6 demonstrate that the OPM is 
not able to produce a useable correlation between explanatory variables and log 
TSS (response variable).  The actual versus predicted plot for log TSS generated 
by the OPM reveals a poor linear alignment, primarily due to the dominance of 
striated data points at the lower end of the log scale (Figure 5-9).  These same 
striations are also prominent in the residual versus actual log TSS plot.  The 
presence of striations in both plots is due to the high number of “zero” 
concentrations for TSS used in the construction of the model.  The overall 
consequence is a low R2 value, effectively translating to the OPM only being able 
to explain just over 50% of the modelled variation.  Hence, irrespective of more 
positive outputs for the analysis of variance provided in Table 5-6, the OPM does 
not explain a sufficient proportion of the variation when predicting log TSS (and 
therefore TSS) to be useful.  
 
The OPM, when applied to log TSS, generated 20 parameters (i.e., 20 degrees of 
freedom) to model TSS in the outlet (full list provided in Appendix N).  Of these 
20 parameters, 15 are considered “highly significant” (t-ratio > 2) and the more 
important main effects and second order interactions (from highest to lowest) 
included: 
• Second order interactions between log cumulative flow and log 
conductivity (negatively correlated). 
• Log cumulative flow. 
• Log flow rate. 
• Second order interactions between log conductivity and log flow rate 
(negatively correlated). 
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• Rain Event. 
• Second order interactions between log cumulative flow and water 
temperature (negatively correlated). 
• Second order interactions between log cumulative flow and log flow rate 
(negatively correlated). 
• Second order interactions between log conductivity and water temperature. 
• Log conductivity. 
• Water temperature (negatively correlated). 
 
The only main-effect not mentioned above was log conductivity.  It appeared 
further down the list (t-ratio = 0.58) indicating that it plays a relatively small part 
in explaining the variation of TSS in outlet waters draining from ROB1. 
 
5.3.2 Pollutant Load Reductions 
 
Six sampling events were used to collect data for this study. However, as 
described in Section 5.2.2, only four events were used to estimate the reduction in 
TN and TP achieved by ROB1 during each event, namely Event 1, Event 2c, 
Event 5 and Event 6.  The results for each event are summarised in Table 5-7, and 
detailed below for each event. 
 
5.3.2.1 Event 1 
 
Event 1 began on 25 October 2009.  Measurable stormwater runoff started to flow 
through the inlets to ROB1 at approximately 11:00 am and ended at 
approximately 2:25 pm the following day.  The event was determined to have 
ended at 7:00 am on the 5 November 2012, when the combined equivalent amount 
of water that had passed through the inlets (i.e., H1 through H4 inclusive) had 
passed through the outlet (H5) of ROB1. 
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Table 5-7: Priority Pollutant load estimation calculation results for Event 1, Event 2c, Event 5 and Event 6. 
Event 
rainfall 
Water Balance Estimated Mass Balance - Nitrogen Estimated Mass Balance - Phosphorus 
Estimated 
pond volume 
at start of the 
event (kL) 
Inflow (kL) Outflow (kL) 
Estimated pond 
turnover 
Inflow load 
(g) 
Outflow load 
(g) % reduction 
Inflow Load 
(g) 
Outflow Load 
(g) % reduction 
EVENT 1 (25 October 2009) 
42.5 mm (in 
22.5 hours) 22,247 kL 12,069 kL 12,079 kL 0.5 13,485 4,143 69 1,629 927 43 
EVENT 2c (12 February 2010) 
54.5 mm (in 
43 hours) 22,836 kL 24,575 kL 24,573kL 1.1 24,005 33,283 - 39 4,076 4,426 - 9 
EVENT 5 (2-4 September 2010) 
25.5 mm (in 
74 hours) 21,905 kL 8,416 kL 8,415 kL 0.4 9,776 2,881 71 1,122 283 75 
EVENT 6 (14-15 September 2010) 
132 mm (in 
21.4 hours) 22,030 kL 32,907 kL 32,907 kL 1.5 29,989 47393 - 58 11,938 8,133 32 
 
Table notes: 
• Estimated pond volume at the start of each event was estimated using bathymetric data as described in Appendix O. 
• Estimated pond turnover was determined by dividing the estimated pond volume at the start of each event by the total outflow. 
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At the beginning of Event 1, the pond was estimated to contain 22,247 kL of 
water (Appendix L).  The rain event that triggered Event 1 produced 42 mm over 
approximately 21 hours.  Rainfall for the four weeks prior to Event 1 totalled 61.8 
mm (figure excludes Event 1 rainfall), with most occurring three weeks prior to 
Event 1 (Figure 5-10).  Approximately 12,070 kL of stormwater runoff was 
generated during Event 1, resulting in a 50% turnover of the pond volume at the 
start of the event.  Based on the outputs of the IPM and OPM (Section 5.2), ROB 
1 achieved a 69% reduction in TN and a 43% reduction in TP. 
 
 
Figure 5-10: Antecedent rainfall leading up to Event 1.   
 
5.3.2.2 Event 2c 
 
Measurable stormwater runoff started to flow through the inlets to ROB1 at 
approximately 8:05 pm on 12 February 2010 and ended at approximately 2:35 pm 
on the 15 February 2010.  The event was determined to have ended at 7:50 am on 
the 2 March 2010, when the equivalent amount of combined inlet flow volume 
(i.e., H1 through H4 inclusive) had passed through the outlet (H5) of ROB1. 
 
At the beginning of Event 2c, the pond was estimated to contain 22,836 kL of 
water (Appendix L).  The rain event that triggered Event 2c produced 54 mm of 
water over approximately 43 hours.  Rainfall for the four weeks prior to Event 2 
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totalled 95.5 mm (figure excludes Event 2 rainfall), with most occurring in the 
two weeks immediately prior to Event 2c (Figure 5-11).  Approximately 24,575kL 
of stormwater runoff was generated during Event 2, resulting in the ROB1 pond 
waters being turned over 1.1 times.  Based on the outputs of the IPM and OPM 
(Section 5.2), ROB 1 increased the overall output of nitrogen by 39% and also 
increased the overall output of phosphorus by 9%. 
 
 
Figure 5-11: Antecedent rainfall leading up to Event 2c. 
 
5.3.2.3 Event 5 
 
Event 5 began on the 2 September 2010.  Measurable stormwater runoff started to 
flow through the inlets to ROB1 at approximately 6:20 am on the 2nd and ended at 
approximately 8:50 pm on the 5th.  The event was determined to have ended at 
1:20 pm on 14 September 2010, when the equivalent amount of combined inlet 
flow volume (i.e., H1 through H4 inclusive) had passed through the outlet (H5) of 
ROB1. 
 
At the beginning of Event 5, the pond was estimated to contain 21,905 kL of 
water (Appendix L).  The rain event that triggered Event 5 produced 25.5 mm of 
water over approximately 74 hours.  Rainfall for the four weeks prior to Event 5 
totalled 20 mm, with most occurring in the two weeks immediately prior Event 5 
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(Figure 5-12).  Approximately 8,416 kL of stormwater runoff was generated 
during Event 5, resulting in a 40% turnover of the pond volume at the start of the 
event.  Based on the outputs of the IPM and OPM (Section 5.2), ROB 1 achieved 
a 71% reduction in TN and a 75% reduction in TP. 
 
 
Figure 5-12: Antecedent rainfall leading up to Event 5. 
 
5.3.2.4 Event 6 
 
Event 6 began on 14 September 2010.  Measurable stormwater runoff started to 
flow through the inlets to ROB1 at approximately 3:25 am on 14 September 2010 
and ended at approximately 11:20 pm on 5 September 2010 (the large volume of 
rainfall produced resulted in an extended period of low flow from H3’s catchment 
which is significantly larger than the others).  The event was determined to have 
ended at midday on 29 September 2010, when the equivalent amount of combined 
inlet flow volume (i.e., H1 through H4 inclusive) had passed through the outlet 
(H5) of ROB1. 
 
At the beginning of Event 6, the pond was estimated to contain 22,030 kL of 
water (Appendix L).  The rain event that triggered Event 6 produced 132 mm of 
water over approximately 21 hours, making it both the most intense rain event for 
this study and wettest in terms of the overall volume of water produced.  It was 
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also the most consistent with regards to stormwater flow for this study (Appendix 
I).  Rainfall leading up to the event for the four weeks prior to Event 6 totalled 46 
mm occurring sporadically over the four week period (Figure 5-13). 
 
Approximately 32,907 kL of stormwater runoff was generated during Event 1, 
resulting in the pond water volume effectively turning over 1.5 times.  Based on 
the outputs of the IPM and OPM (Section 5.2), ROB1 increased the overall output 
of nitrogen by 58% but reduced the overall output of phosphorus by an estimated 
32%. 
 
 
Figure 5-13: Antecedent rainfall leading up to Event 6. 
 
5. 4 Discussion 
5.4.1 Establishing a Predictive Tool 
5.4.1.1 Model diagnostics 
 
Both the IPM and the OPM demonstrate strong capacity to explain the variation 
associated with TN and TP based on the explanatory variables used, and the 
model rules selected.  For each model, response coefficients (R2) are quite high 
and the associated analysis of variance outputs indicate that the chances that the 
relationships between explanatory variables and response variables being random 
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(i.e. mere chance) are remote. Given the environment and complicated 
interactions in which this study was undertaken, the R2 values achieved and the 
strong analysis of variance results are exceptional.  Consequently, both models 
were considered acceptable for estimating log TN and log TP (and the subsequent 
derivation of TN and TP) for this study. 
 
In contrast, diagnostic outputs for log TSS are not as promising.  The IPM 
exhibited a lower response coefficient for log TSS when compared to log TN and 
TP (R2 = 0.71).  While such a result is acceptable, it still leaves just under 30% of 
the variation unexplained and reduces the overall confidence in the predictive 
power of the IPM in relation to log TSS.  Unfortunately, the diagnostic outputs for 
the OPM when applied to log TSS were worse, with a response coefficient of just 
over 0.54.  Despite reasonable analysis of variation outputs, such a low response 
coefficient renders the use of the OPM ineffective in terms of predicting TSS.  
However, it is important to note that the most likely cause of this outcome is not 
due to a failing in the model itself, but rather a consequence of the detection limits 
of the method used to determine TSS concentration (i.e. 2 mg/L).  This is evident 
in the high number of LORs reported in the laboratory results for TSS, 
particularly for outlet samples, and the stratification apparent in the diagnostics 
for both the IPM and OPM (Figure 5-8 and Figure 5-9 respectively).  
 
The key limitation of the current study lies in that it has been applied to only one 
pond and its associated catchment.  While statistical diagnostics are strong, the 
isolation of this study to a single location means that it is not possible to provide 
collaborative evidence that the same methodology (field monitoring and 
subsequent statistical modelling) would produce a similarly strong statistical 
modelling outputs if applied elsewhere (either in the next catchment, other 
locations in Australia, or other locations across the globe), or other events or sub-
events not sampled and modelled in the same catchment.  Further, current 
technology is such that it is not possible to cross check these results against high 
temporal resolution nitrogen, phosphorus or suspended solid results; this would be 
logistically improbable and prohibitively expensive.  Hence, while the statistical 
outputs are strong, and pollutant load estimates calculated for this study appear 
consistent with recognised / expected behaviour from this type of infrastructure 
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(Section 2.4), further investigations in other locations are needed to demonstrate 
repeatability, and therefore confidence in, the findings of this study.  
 
5.4.1.2 Parameter Estimates 
 
Though it is not the intent of this study to investigate the mechanisms 
underpinning pollutant behaviour in urban catchments water and wetlands, a 
summary of the most important parameters influencing each response variable is 
listed in Section 5.3, and a full list of their corresponding “Sorted Parameter 
Estimates” is provided in Appendix M (IPM) and Appendix N (OPM).  They were 
included in this study because these parameters provide insights into such 
mechanism that may be useful for further research.  For example, by referring to 
Sorted Parameter Estimates for log TN for the IPM, it is evident that the derived 
binary parameter “Event” (Section 5.2.1.2) features strongly in explaining the 
variation in log TN (and therefore TN).  That is, the various Events feature high 
up in the list, exhibiting strong t-ratios.  The reason for this needs investigation, 
but it may be that Event idiosyncrasies associated with fluctuation in rain intensity 
are impacting on nitrogen concentrations due to the influence of atmospheric 
nitrogen absorbed by rain, and / or that different intensities are resulting in 
different mobilization of particulate matter / substances (e.g. grease and oil spills) 
from roads, driveways, roofs and gardens.   
 
Another example that is consistent with existing theories and known relationships 
is the positive correlations with log flow rate and log TP (Estimate 0.825, t-ratio 
3.11).  Increases in rain intensity are reflected in increases in measured flow rates.  
Given that rain intensity increases wash-off effects due to increased energy and 
water volumes and therefore increased suspension of particulate matter (Section 
2.2.5.2), it is not surprising that the contribution of this parameter to explaining 
variation in TP concentration is highly significant.  Others, however, are less 
clear.  The most notable of these is the consistent presence of water temperature, 
either as a main effect and / or a component of a second order interaction high up 
in the Sorted Parameter Estimates for each response variable for both predictive 
models.  There is no obvious explanation as to why this is occurring, and it is 
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unlikely that temperature is directly influencing TN, TP and TSS concentrations 
significantly.  However, it may be that water temperature is impacting on other 
factors (e.g., diurnal biological processes and seasonal rainfall nuances) that in 
turn affect TN, TP and TSS concentrations. 
 
5.4.2 Pollutant Load Reduction Results 
5.4.2.1 Limitations of the Results 
 
It is important to note leading into this section that the results provided for each 
event as detailed in Section 5.3.2 are estimates only, and are dependent on the 
validity of the statistical model generated, as the technology required to measure 
TN and TP at sufficient resolution does not yet exist.  The results also have a 
qualitative element to them, i.e., their derivation has been based on a number of 
qualitative judgements by the author.  These include: 
 
• When an event was determined to have started and finished. 
• The 5 minute interval gap between monitored data being sufficient to 
account for temporal variation during a rain event. 
• The effects of evapotranspiration on the results not being significant 
enough to justify their inclusion in load balance calculations. 
• Surface runoff over the vegetated banks of ROB1 as well as direct 
precipitation into the pond was not significant enough to justify inclusion 
in load balance calculations. 
• Groundwater interactions were not significant enough to justify inclusion 
in the load balance calculations. 
 
Events were considered to have started when the first measureable flow was 
recorded at one of the inlets.  For most events, clear start points were identifiable 
due to the intense rainfall associated with the beginning of an event.  However, 
this was not so with Event 5 (Figure 5-12 and Appendix I) which started with low 
intensity intermittent rainfall over the first 24 hours, resulting in the partial 
triggering of inlet WQMSs, making the selection of the event start point more 
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arbitrary.  Determining the point at which a given event began to influence flow at 
the outlet (WQMS H5) was slightly less clear, and relied on an observed increase 
in flow relative to the remnant flow from earlier rainfall (in most cases, a small 
“trickle” flow was present at the outlet when a new rain event began due to the 
nature of the outlet design which reduced flow velocity as the pond level 
dropped).  The only exception to this was Event 6 where, due to lost data at the 
end of this event, the decision was taken to use flow data at the outlet starting at 
the same time as flow data was first recorded at the inlets (i.e., before a clear 
increase in flow was observed) to compensate for the missing data.  While this 
was not consistent with the other events, it was not considered a serious issue as 
its relative contribution to the total data collected from the outlet during this event 
was in the order of one one-thousandth (by volume). 
 
Other inputs and outputs that were not considered were rainfall falling directly 
into the pond, surface runoff from the ponds banks and groundwater influences.  
These inputs and outputs were considered to be too small to include them, as any 
effect they would have would likely fall within the uncertainty defined for both 
the IPM and OPM.  The reasons for this are as follows: 
 
• The surface of the pond represents less than 3% of the entire catchment, 
hence its influence on the results are likely to be minimal (TN and TP 
concentrations in rainwater would also likely be low relative to catchment 
inputs). 
• The surface area of the pond banks represent approximately 0.5% of the 
entire catchment and are covered in vegetation, hence direct inputs into 
the pond would be expected to be negligible, and only part of this water 
would eventually find its way into the pond. 
• Fill materials used to construct the banks and bath of the ponds were 
dominated by clay, hence are relatively impervious to groundwater flows. 
• Evapotranspiration is unlikely to have contributed significantly to the loss 
of volume relative to that lost at the outlet (proportionally).  
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Further, given the R2 values reported for TN and TP for both the IPM and the 
OPM, the influences of these peripheral effects are likely to be within the margin 
of error of the load mass balances reported in Section 5.3.2. 
 
5.4.2.2 Circumstantial Evidence Supporting the Load Balances Achieved 
 
None of the limitations described in Section 5.4.2.1, on their own or as a group, 
are significant enough to conclusively indicate that the estimated load balances for 
TN and TP provided in Table 5-7 are invalid.  Further, there is strong 
circumstantial evidence to support that the methodology applied in this study to 
estimate TN and TP load balances for ROB1 is generally consistent with what 
would be expected for water quality improvement infrastructure of this type. 
 
The most poignant evidence in support of the model outputs (other than the 
statistical diagnostic results discussed in Section 5.4.1), is that the results are what 
would be generally expected for water quality improvement ponds / constructed 
wetlands (Section 2.3).  That is, the response of the models and subsequent load 
balance calculations do not appear random and, seem to respond consistently with 
the conditions of each event.  This is explained in more detail below. 
 
The highest estimated load reductions for both TN and TP were achieved for 
Event 5 (Table 5-7). Event 5 also received the smallest amount of rain and the 
lowest antecedent rainfall for the four weeks leading up to it.  These factors all 
contributed to an extended effective retention time for the water in ROB1 leading 
up to the event.  Further, the rain event that constituted Event 5 was insufficient to 
fully displace the water in ROB1, hence most (if not all) of the water that was 
displaced through ROB1’s outlet was representative of the treated pond water 
prior to the current event.  Given that it is known that water quality outcomes for 
water quality ponds / constructed wetlands are generally positively correlated with 
longer retention times towards an asymptotic maxima (Landcom 2009b; Water by 
Design 2010), the results achieved for Event 5 are consistent with what would be 
expected (at least in a relative sense). 
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The next highest TN and TP reduction outcomes were achieved for Event 1 (Table 
5-7).  In this instance, both event rainfall and antecedent rainfall were higher than 
that which occurred for Event 5 (Figure 5-10).  These conditions, while providing 
an effective retention time of approximately three weeks, were not as long as that 
provided by the conditions leading up to Event 5.  Hence, for reasons alluded to in 
the previous paragraph, it is therefore not surprising that slightly lower TN and TP 
reduction estimates were determined for Event 1. 
 
Event 2c provides an instructive contrast to Events’1 and 5.  Antecedent rainfall 
conditions were quite different for Event 2c (Section 5.3.2.2) due to 135 mm of 
rainfall in the four weeks prior to the event, most of which fell in the ten days 
immediately prior to Event 2c.  Consequently, the effective retention time for 
ROB1 is significantly less than that which occurred in Events’ 1 and 5.  Rainfall 
for Event 2c was more than twice that for Event 5, and over 10 mm more than 
Event 1, producing enough rain to displace one full volume of ROB1 pond water 
(Table 5-7).  These conditions combined are not conducive to effective water 
quality treatment as their impact translates to a significantly shortened effective 
retention time than that experienced leading up to Events 1 and 5.  This is 
reflected in the estimations determined by this study for both TN and TP load 
balances which show a net export of both TN and TP for Event 2c (while a net 
export of TN and TP might be seem counterintuitive, such outcomes have been 
noted in other studies as discussed in Fisher and Acreman (2004) and Table 2.5).  
Effectively, Event 2c is reflective of conditions in which ROB1 is no longer able 
to provide any significant water quality improvement outcomes (i.e. it has been 
“swamped”). 
 
Event 6 provides an interesting contrast to the other events for which load 
estimates balances were determined.  Similar to Events 1 and 5, Event 6 received 
relatively low antecedent rainfall.  However, the rain event associated with Event 
6 was markedly different relative to the other events in that the volume, intensity 
and consistency of rainfall were all much higher (Figure 5-13 and Appendix I).  
This resulted in high input flows rates and an input volume high enough to 
displace 1.5 volumes of pond water relative to that estimated to be present at the 
start of the event.  Given the importance of retention time (Section 2.3), it would 
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be expected that such a large rain event would negatively impact on the TN and 
TP reduction performance of ROB1.  This is indeed reflected in the results 
achieved in this study (Table 5-7).  The reduction in TP load reported for this 
event is the smallest with the exception of Event 2, and this is not unreasonable if 
one takes into account the combined effects of low antecedent rainfall (longer 
retention time favours settling out of particulate matter, Section 2.3) and the high 
event rainfall and pond turnover which reduced the retention time of 
approximately 1/3 of the water passing through the outlet to a matter of hours at 
most.  Further, the high input volumes experienced during this event may have re-
suspended otherwise settled benthic materials.  Assuming the methods used to 
determine TN loads in this study are reasonably accurate, the impact on the TN 
load balance as a consequence of conditions associated with Event 6 were even 
more profound, with a net export of approximately 55% being reported for TN.  
While the evidence produced for this study is not enough to conclusively state that 
the net export of TN reported is an accurate reflection of reality, it is known that 
TN removal is more challenging than TP removal (this is why water industry 
guidelines report water quality reduction targets for TN that are lower than TP, 
e.g. DECC and CMA (2007) and the Botany Bay Coastal Catchment Initiative 
(2008)).  Hence, the outcome for Event 6 does not contradict the circumstantial 
evidence presented here in support of the methodology applied in this study to 
estimate TN and TP load balances for ROB1.   
 
In summary, whilst not conclusive proving that the IPM and OPM make 
reasonable predictions of TN and TP concentrations, model statistical diagnostics 
provide strong support that this is the case.  Further, load balances calculated as 
per Table 5-7 are within expected norms of water quality control pond / 
constructed wetland behaviour (Section 2.3 and Section 2.4).  Hence, despite the 
limitations outlined in Section 5.4.3 and uncertainties associated with a lack of 
validation beyond ROB1, the circumstantial evidence provided is strong enough 
to indicate that the load balances for TN and TP provided in Table 5-7 are a 
reasonable reflection of the performance of ROB1.  
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5.4.3 How Information Derived from the Application of this Methodology 
might be used 
 
Assuming further research verifies the methodology applied in this study, it could 
be used to verify how well a given piece of water quality improvement 
infrastructure is performing in-situ to a degree not yet reported in the literature.  
This information could then be used for: 
• Verifying water quality infrastructure performance once operational 
(particularly important during the early stages of the roll out of large 
scale urban development such as the West Dapto Land Release). 
• Establishing baseline performance data that can subsequently be compared 
to similar data collected as the infrastructure moves through its life cycle 
(useful for both research and operational reasons). 
• Verifying and possibly acting as a calibration tool for “regionalising” 
stormwater runoff modelling software, such as MUSIC.  
 
Detailed below is how information derived from the study methodology might be 
used to ascertain the performance of a given unit of water quality improvement 
infrastructure / treatment train, using ROB1 as the example.   
 
The information provided in Section 5.3.2 reveals that, depending on factors like 
rain event size, pond volume at the start of an event, and antecedent rainfall, 
ROB1 is providing some reduction on TN and TP in urban stormwater runoff.  
Deducing exactly what effect this is having overall is difficult to determine 
because larger events, and events preceded by large amounts of antecedent rainfall 
appear to result in a net export of TN and TP.  However, by combining the 
information provided in Section 5.3.2 with historical local rainfall data, it was 
possible to establish a broad understanding of the potential effectiveness of ROB1 
(based on pond conditions at the time the data was collected). 
   
By accessing historical data from the BoM’s Albion Park Post Office weather 
station (#068000), a histogram of all recorded rain events between 1930 and 2011 
was established by separating 24 hour rain records into 10 mm “bins” (discrete 
intervals),  i.e., 0.1-10.; 10.1-20.0; 20.1-30.0, ….; 530.1-540.0 mm as shown in 
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Figure 5-14.  Plotted onto this histogram is each event for which TN and TP load 
balances were determined (i.e. Event 1, Event 2c, Event 5 and Event 6) along with 
key features such as the estimated point where ROB1 TN and TP load reduction 
performance begins to seriously wane (i.e. approximate rain event size required to 
result in the displacement of one full volume of pond water, taken to be 50 mm) 
and the average maximum rainfall per annum over the 81 years historic rainfall 
data used (142 mm in 24 hours).   
 
Assuming that Figure 5-14 is a reliable proxy for normalising rainfall distribution 
for past and future stretches of consecutive years within the local area, we can use 
this figure along with information provided in Table 5-7 to build a picture of the 
likely performance of ROB1.  Firstly, based on Event 2 and Event 6, and using 
conservative estimates, it appears that the performance of ROB1 begins to wane 
significantly when one full volume of water is displaced during a given rain event 
(Table 5-7).  Conservatively, this occurs when rainfall exceeds between 50 to 55 
mm per event (depending on factors such as antecedent rainfall and pond volume).  
Reading from Figure 5-14, this translates to approximately 17% of rainfall events. 
 
Based on the conditions of the pond during this study, ROB1 has the operational 
capacity to perform some level of TN and TP reduction for around 80% of all 
rainfall events likely to occur during its lifecycle, which translates to 
approximately 70% of all precipitation by volume based on an annualised average 
maximum rainfall of 142 mm/day over the last 80 years (note: this is likely to 
change as the pond ages which is why the application of the method applied in 
this study at various stages throughout the ponds life could be useful for 
determining when maintenance is needed).  
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Figure 5-14: Histogram of rain events size distribution for all recorded 24 hour rainfall records between 1930 and 2011, including cumulative percentage 
frequencies where shown (source: BoM Albion Park Post Office weather station #068000).   
Histogram bin range intervals set at 10 mm starting at 10-19.9 mm (0-9.9 mm bin excluded as such rain events are generally too small to have any significant impact on 
surface runoff and heavily skew event frequency towards this range, obscuring the other remaining ranges).  
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It is also possible to start building a more detailed picture of ROB1’s performance 
for various types of rainfall event sizes.  For example, Event 1 achieved a 
reduction of approximately 70% TN and 40% TP based on 42 mm of rainfall 
(Table 5-7).  Reading from Figure 5-14, this equates to approximately 80% of all 
rain events.  Hence, we can expect that ROB1 will treat rainfall events of a similar 
size and smaller to the same extent or better (water quality ponds like ROB1 tend 
to perform better for smaller events).  This accounts for approximately 60% of all 
normalised rainfall by volume.  That is, over the life of ROB1, it can be expected 
that approximately 60% of all rainfall by volume will undergo a 70% reduction in 
TN and 40% reduction in TP (or better) based on current pond and catchment 
conditions.    
 
Similarly, using the results for Event 5, which achieved a similar reduction in TN 
relative to Event 1, but a much higher reduction in TP (75%) based on 25.5 mm of 
rainfall, Figure 5-13 indicates that such a rain event would account for 
approximately 65% of all rain events.  This translates to approximately 45% of 
precipitation by volume normalised over several years based on an annualised 
average maximum rainfall of 142 mm/day over the last 80 years.  That is, over the 
life of ROB1, it can be expected that approximately 45% of all rainfall by volume 
will achieve a 70% reduction in TN and 43% reduction in TP (or better) based on 
current pond and catchment conditions.    
 
In summary, based on the information provided in Table 5-7 and Figure 5-14, the 
following broad comments can be made about the performance capacity of ROB1 
based on current pond and catchment conditions: 
• Generally speaking, the smaller the event, the better the treatment level, 
particularly during conditions that favour longer detention times. 
• Extended wet periods prior to a given rain event reduce the pollutant 
reduction performance of ROB1. 
• Treatment outcomes appear to wane as inflow volumes during an event 
approaches the pond volume at the start of that event i.e. as 100% 
displacement of starting pond volume is approached, which tends to occur 
for rain events above 50 mm (depending on factors such as antecedent 
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rainfall and rainfall intensity).  Therefore, reading from Figure 5-14, some 
level of treatment can be expected for up to 80% of all rainfall events. 
• Once ROB1’s pond volume at the start of an event is exceeded by the 
inflow volume (i.e. over 100% displacement by volume), treatment 
outcomes are significantly reduced, with the export of TN and TP 
becoming more probable with further displacement. 
• ROB1 may be expected to satisfactorily treat approximately 70% of all 
precipitation generated. 
• ROB1 may be expected to reduce TN loads by approximately 70% and TP 
load by 45% (or better) for up to 60% of all precipitation based on Event 1 
(this may fluctuate from year to year depending on rainfall patterns). 
• ROB1 maybe expected to reduce TN loads by approximately 70% and TP 
load by 75% (or better) for 45% of all precipitation (this may fluctuate 
from year to year depending on rainfall patterns). 
 
Naturally, the above statements regarding ROB1’s performance are based on the 
load balance estimates of only four events and are for demonstrational purposes 
only.  Additional rain events would need to be monitored and load balances 
calculated to tighten up the findings regarding the performance of ROB1 
(technical problems and budgetary issues prevented further events being added).   
The above also assumes that predominately dry periods of antecedent rainfall 
favouring effective retention times of two or more weeks. 
 
 However, this chapter has shown that: 
• From a statistical perspective, the models used are valid for conditions 
specific to the rain events measured at ROB1 (further studies are required 
to confirm the general applicability of the methodology for other events in 
the same system and elsewhere). 
• Results provided in Section 5.3.2 are consistent with what would be 
generally be expected of water quality ponds like ROB1. 
• The outputs produced by the methods applied in this study could be used 
to quantitatively assess the changes in the performance of ROB1 as it ages.   
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6 GENERAL DISCUSSION 
 
6. 1 Introduction 
 
The first two sections of this chapter discuss the findings in relation to the first 
and second aims of this study, i.e., establishing a methodology to quantifiably 
estimate TN, TP and TSS loads at ROB1 that could potentially be used to assess 
other stormwater quality management structures at other locations (Chapter 1).  
The remainder of this chapter discusses ROB1’s design and how it compares to 
modern best practice design for constructed wetlands, effectively addressing the 
third aim of this study (Chapter 1). 
 
6. 2 Critique of the Methodology Used to Estimate Pollutant Load 
Balances at ROB1 
 
The reasons for establishing an essentially new method for estimating the 
performance of ROB1 in relation to the removal of priority pollutants TN, TP and 
TSS were: 
 
• No technology currently exists to measure TN, TP and TSS at sufficient 
temporal resolution to accurately determine load inputs flowing into and 
out of stormwater management measures due to the highly dynamic nature 
of rainfall and the complex interactions between rainfall and catchment 
(Section 4.2). 
• Based on the review of literature undertaken for this study there appears to 
be no consistent, quantitative means of estimating loads (Section 2.4). 
• Facilitate further research to address gaps and inconsistency in current 
science around constructed wetland performance, particularly those 
discussed in Section 2.3.7 and Section 2.4.5 
 
The methodology used to estimate pollutant load balances for ROB1 for 
individual rain events comprised two discrete components, i.e., data capture 
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(Chapter 4) and, using this data, estimate pollutant load reductions (Chapter 5).  
This section has been split into two corresponding sub-sections that give an 
overarching critique of these two components as they were applied in this study, 
and opportunities for improvement. 
 
6.2.1 Data Collection (Chapter 4) 
 
As discussed in Section 4.2, capturing water quality data for this study presented a 
number of challenges, especially where measuring flows and water quality 
parameters of surface runoff entering ROB1 were concerned.  Rain events can 
happen at any time of the day or night, and no two rain events are alike with 
regards to intensity, duration and volume.  Further, predicting the exact nature of 
the forecast rain event in terms of when it will start, how intermittent precipitation 
will be, and when the event will end is, practically impossible.  This made 
responding to events using manual sampling and monitoring techniques (i.e. 
person collecting samples and taking measurements) quickly enough to capture 
the first flush extremely difficult, and continuous monitoring both impractical and 
potentially dangerous should rain events occur after dark. 
 
This study used five automated and time synchronised water quality monitoring 
stations (WQMS), i.e., one station at each of the four inlets (H1, H2, H3 and H4), 
and one at the outlet (H5), and a site tip bucket rain gauge, collectively referred to 
as the ROB1 Performance Monitoring System (ROB1 PMS).  The advantage of 
this approach lay in its ability to respond quickly when a measureable rain event 
occurred.  In-situ water quality monitoring probes constantly recorded water 
turbidity, conductivity, temperature and flow rates moving through the inlets and 
outlet every 5 minutes.   Further, due to the programmable and multi-system 
integration capabilities of the data loggers used in this study, the WQMSs 
contrived for this study were able to collect water samples automatically based on, 
initially, flow rate, and then a time based program thereafter.   
 
This set up solved many of the logistical and safety issues surrounding the 
collection of water quality data using manual techniques.  However, it brought its 
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own challenges which impacted on this study.  These challenges centred around 
two main areas, namely complexity and cost. 
 
The complexity of the ROB1 PMS was a major challenge in this study.  The 
ROB1 PMS consisted of five time-synchronised WQMS, and a site situated tip 
bucket rain gauge (Section 4.2.1).  Each WQMS consisted of multiple water 
quality monitoring and automated water sample collecting units integrated via a 
programmable data logger.  Setting up such a system requires highly specialised 
knowledge.  Adding to the complexity was the need to establish a WQMS at each 
of five locations (Figure 3-6).  The challenges associated with running such a 
complex system is reflected in the reduced number of events measured overall 
(i.e. only six), and the reduced number of events used to estimate load balances in 
this study (four).  These issues are detailed in Table 4.3, and listed below: 
 
• Poor coverage of whole of events for earlier events with regard to water 
sample collection, mostly due to human error associated with inexperience 
operating the system. 
• Programming error leading the whole of the ROB1 PMS failing to activate 
at the onset of Event 2. 
•  Component failure leading to the partial loss of data, including auto 
sampler distributor arm failures (Event 3 and 4). 
• Flow measurement failure due to FloPro software crashes at WQMS H2 
(Event 3) and WQMS H3 (Event 4). 
• Auto sampler water pumping failure (Event 5). 
 
When considering the issue of complexity and the technical issues that arose in 
this study, it is important to keep in mind that most of the problems experienced 
were either a function of human error (e.g., programming error for Event 2) or 
entirely preventable through the implementation of simple maintenance and pre-
check procedures.  For example, FloPro software crashes occurred before an event 
had begun and were thought to be the result of high temperatures within the 
fibreglass huts.  The short term solution to this was simply adding the FloPro to 
the pre-start check and re-booting if necessary (longer term solution could be to 
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improve ventilation of the hut, Table 4.3, Event 4).  Another example was the 
failure of the plastic tubing of the peristaltic pump associated with WQMS H3.  
This could have been simply avoided by swapping round this tubing after three 
months of service, then replacing after six.  Further examples can be found in 
Table 4.3.   
 
While the system was complex and problems were encountered, most of these 
issues were solved by implementing simple administrative measures, i.e., 
improved pre-start checks and maintenance regimes.  These measures did result in 
greatly improved performance as is evident in the improvement of data capture for 
later events, particularly Event 5 and Event 6.   
 
Due to the number of WQMS comprising the ROB1 PMS, the establishment of 
such a system was expensive.  An external consultant (Greenspan Technologies 
Pty Ltd) was engaged to install and commission the ROB1 PMS.  The cost of this 
process, including the purchase of all equipment (excluding three auto-samplers 
salvaged from an earlier attempt to undertake a similar study), came to just under 
$150,000.  Subsequent operation of the system throughout the data capture phase 
of this study cost an additional $100,000.  These cost included repairs, the 
replacement of an entire auto-sampler, and scheduled maintenance services.  
However, most of the operational cost (about 75%) was attributed to the analysis 
of water samples collected during the data collection phase of the study.   
 
When evaluating the cost-effectiveness of such a system it is important to keep in 
mind a number of factors.  The first and probably the most important is that the 
accuracy and temporal resolution of the data captured by the ROB1 PMS is 
unequalled by any other data collection method applied in the literature (Chapter 
2).  While there were problems with data capture for some events, most of these 
were isolated issues, and predominantly a function of correctable human error 
rather than inherent design inadequacies.  This is exemplified by the sample 
placement hydrographs provided in Appendix I, and the successful data capture 
associated with later events as increased operational experience improved system 
performance (Table 4.3).  Without such high quality data, it is highly unlikely that 
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the statistical modelling and subsequent load estimations attempted in this study 
would have been successful.  
 
It is also important to note that the ROB1 PMS utilised five WQMS which is high 
relative to other water quality ponds in Horsley Estate (ROB2 and REED 1 would 
require only three each) and typically higher than most modern systems which try 
to minimise the number of inlets to avoid issues such as poor mixing and short 
circuiting.  Hypothetically, if such a PMS was set up to measure another system, 
there is every possibility it would require less WQMSs, bringing down not only 
the installation and operating costs of the system, but also the likelihood of 
equipment failure.  The accuracy of such systems could also be further enhanced 
by making small adjustments to water quality infrastructure inflows and outflows 
at the design stage.  This would not require major changes to infrastructure design 
and could be as simple as: 
 
• Ensuring enough space and the provision of a platform to install and 
remove monitoring equipment at each inlet and outlet, and the collection 
of samples and inspection during monitoring operations. 
• Include in the design of inlets and outlets a section of pipe specifically 
designed for flow measurement, i.e. a section that would facilitate laminar 
flow in most (if not all) flow conditions. 
• Include in the design of inlets and outlets a location close to flow 
monitoring to attach water quality monitoring probes and water sample 
extraction tubes. 
 
It is also important to note that a system like the ROB1 PMS is highly receptive to 
economies of scale.  For example, Wollongong City Council has approximately 
25 existing water quality improvement systems for which it is currently 
responsible.  The development of the West Dapto Land Release may add another 
40 individual systems.  Given that any one individual water quality improvement 
system would only require monitoring say, every 10 or so years for 12 months; it 
would be quite feasible to spread a small number of WQMSs across the LGA over 
time, thereby establishing fairly significant economies of scale. 
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6.2.2 Statistical Modelling and Load Balance Estimations (Chapter 5) 
 
6.2.2.1 Statistical Modelling 
 
As detailed in Section 5.1, the original aim was to capture high temporal 
resolution monitoring data along with periodic water sampling and use simple 
correlations between monitoring data and priority pollutants (e.g.; turbidity, TN 
and TP).  These relationships could then be used to calculate the pollutant 
concentrations using the 5 minute temporal resolution data using the equations 
derived from these relationships, which could then be used to estimate the 
pollutant loads passing through each inlet and outlet every 5 minutes during an 
event.  Unfortunately, analysis of data early in this study revealed that such 
correlations would not be strong or stable enough for such an approach to be 
viable.  Consequently, an alternative approach that was able to account for the 
dynamic interactions between rainfall, surface runoff, catchment and pollutants 
was needed to meet the study aims. 
 
With the assistance of UoW’s School of Mathematics and Applied Statistics, an 
alternative approach was identified (Section 5.2.1). This approach involved fitting 
two multivariate linear regression Standard Least Squares models to the study  
data in a JMP environment (version 9.0.2), i.e. one for the data collected from 
ROB1’s inlets (Inlet Prediction model or IPM) and one for the data collected at 
ROB1’s outlet (Outlet Prediction model or OPM).  Model diagnostics revealed 
strong correlation coefficients for TN and TP, as well as fit and analysis of 
variance indicators that indicated both models were statistically robust for these 
pollutants (Section 5.3.1).  However, despite reasonably good analysis of variance 
indicators, the correlation results for TSS were not nearly as encouraging, 
particularly for the OPM (Section 5.3.1.6) and the decision was taken to abandon 
attempts to use the models to facilitate load balance calculations for TSS. The 
most likely cause of this outcome for TSS was not the modelling technique 
applied, but rather the detection limits of the method applied in the laboratory (2 
mg/L) to determine TSS concentration in water samples (Section 4.2.5).  
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It is important to note that despite the strong model diagnostics achieved by both 
the IPM and OPM, they are, on their own, not sufficient to conclude that such an 
approach would be applicable beyond the physical confines of ROB1 and its 
catchment.  Further validation studies would need to be undertaken to see if the 
methodology attempted in this study is repeatable for other infrastructure located 
as close as ROB2 (180 m due east of ROB1) or other systems.  However, the 
diagnostics for both the IMP and the OPM as presented in this study are very 
promising (Section 5.3.1).  Further, it is likely that the models as applied in this 
study could be further enhanced, producing even stronger correlations for TN and 
TP, and that more sensitive means of measuring TSS concentrations may see 
predictions for this pollutant using the standard least squares approach viable.  
Suggested options to achieve this include: 
 
• Improved data collection, i.e., increased temporal resolution of monitored 
data to two minute intervals or tighter (based on experience gained from 
this study, the CR800 data loggers should have enough memory to cope 
with such volumes of data) and increased water sample collection to say, 
every 5 minutes for the first half hour, then every 10 minutes for the next 
two hours, then every half hour there after (again, based on experience 
gained from this study, the mechanics of the auto samplers and logistics 
for bottle handling could be set up to cope with this kind of bottle 
turnover). 
• Assuming the above is achievable; increase the number of models from 
two to five, i.e., one for each WQMS (effectively, one for each catchment 
and one for the pond).  It might also be worth trying to create models for 
each and every event and determine whether or not improvements in 
model diagnostics justify this kind of effort. 
• Expanded data collection to include sensors capable of measuring pH, 
dissolved oxygen and oxidation reduction potential. 
• Increase the sensitivity of TSS analysis by doubling the volume of water 
collected for each sample. 
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• Incorporate water quality monitoring into the design of future water 
quality improvement infrastructure to facilitate more accurate data 
collection (e.g. crump weirs and / or sections of pipe specifically designed 
to facilitate water quality and flow monitoring).  
 
6.2.2.2 Pollutant Mass Balances 
 
As detailed in Section 5.2.2, pollutant load mass balance estimations were made 
on an event basis for Event 1, Event 2c, Event 5 and Event 6.  This involved a 
two-step process.  The first was to use the IPM and OPM models created to 
predict TN and TP concentrations at a rate of every 5 minutes for each event.  The 
second was to extract these predictions from the IPM and OPM models and use 
them to estimate the overall load balance for the given Event. 
 
Each Event produced its own unique conditions in terms of antecedent rainfall and 
event conditions.  This is reflected in the load balance results for each Event 
(Table 5-7) as detailed in Section 5.4.2 and summarised below: 
 
• Event 1: Estimated TN load reduction of approximately 70% and TP load 
reduction of 43%.  Relatively dry antecedent rain conditions and 
precipitation volume equivalent to only half the volume of the pond at the 
start of the event translated to relatively long retention time, producing 
improved water quality outcomes. 
• Event 2: Estimated TN load net export of approximately 40% and TP load 
net export of 9%.  Very wet antecedent rain conditions and enough surface 
runoff to displace just over one full volume of the pond translated to 
minimal retention time and the effective swamping of ROB1’s water 
quality improvement capacity. 
• Event 5: Estimated TN load reduction of just over 70% and TP load 
reduction of 75%.  Very dry antecedent rain conditions and low rainfall 
volume translated to the highest effective retention time compared to the 
other events, maximising treatment potential. 
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• Event 6: Estimated TN load net export of just over 55% and a net 
retention of TP load by just over 30%.  Despite very dry antecedent rain 
conditions, Event 6 produced the highest volume of rainfall over the 
shortest time (i.e. high intensity) relative to all other events measured, 
resulting in a high pond turnover ratio which negated the capacity of 
ROB1 to treat and hold TN. 
 
Unfortunately, four events are less than ideal to confidently assess both the 
models’ reactions to different events and begin to establish a confident picture of 
how ROB1 is performing and how it is likely to respond to different event 
scenarios.  However, the results provided in Table 5-7 and summarised above 
provide fairly strong circumstantial evidence to suggest that estimates calculated 
for Events 1, 2c, 5 and 6 are a reasonable reflection of what might be expected 
from water quality improvement infrastructure like ROB1 (Section 5.4).  That is, 
load balances achieved appear to be within the expected operational norms of a 
water quality control pond and shifts in load balances achieved for each event are 
what might generally be expected given the different conditions leading up to and 
during each event (Section 5.4.2.2).    
It is also noted that Events’ 2 and 6 show a net export of TN and Event 6 show a 
net export of TN (but not TP).  Whilst reported less in the literature, such results 
are not unheard of (Section 2. 4).  Factors effecting pond water retention time 
such as antecedent rainfall and event rainfall appear to be the major factor leading 
to the reported export of TN and TP.  Pond age and rainfall intensity may also be 
factors, where more mature ponds and higher intensity rainfall (i.e. higher 
flushing energies) may increase the likelihood of nutrient export.  The data 
collected in this study, as well the review of available literate (Section 2. 4) , is not 
sufficient to pinpoint exactly where the excess of nutrients is coming from, 
however it could related to the long term effects of nutrient cycling (note that the 
pond was just under two decades old when data was collected) and / or the 
resuspension of fine particulates / colloidal material. It could also be a function of 
GPT behaviour under different conditions which could have implications for GPT 
design and the frequency of their cleaning.   Further research using a consistent 
and reliable method of estimating load balances combined with nutrient speciation 
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and fine particulate analysis along with GPT specific monitoring would be 
required to resolve this. 
 
 
While it is acknowledged that the statistical diagnostic and circumstantial 
evidence supporting the method applied in this study are not sufficient to conclude 
that the mass balances produced for Events 1, 2c, 5 and 6 are true reflections of 
reality, they are sufficient to suggest that this may indeed be the case.  Hence, the 
overall conclusion is that the evidence calculated in this study in relation to the 
method developed and applied to estimating load balances for ROB1 is 
sufficiently strong to warrant further investigation and study to validate the 
findings herein. 
 
6. 3 Inferred Performance of ROB1 against Currently Accepted Water 
Quality Improvement Targets 
 
As discussed in Section 3.4.2, current best practice suggests that water quality 
improvement infrastructure to treat urban runoff should be able to achieve water 
quality outcomes that approach the following (DECC and CMA 2007; Botany 
Bay Coastal Catchment Initiative 2008; Landcom 2009a): 
 
• 90% reduction in annual gross pollutant (size > 5mm). 
• 85% reduction in the average annual total suspended solids load. 
• 65% reduction in the average annual total phosphorus load. 
• 45% reduction in the average annual total nitrogen load. 
 
The above targets are relative to the stormwater pollution loads expected from 
conventional urban developments without any stormwater treatment measures and 
represent a compromise between environmental protection and cost effectiveness 
(Figure 6-1) that are designed to (DECC and CMA 2007): 
 
• Minimise impacts on the environmental values of water where the pre-
development landuse is not causing significant pollution. 
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• Contribute to meeting the environmental values for water where the pre-
development landuse is causing significant pollution. 
 
 
Figure 6-1: Concept diagram illustrating the gap between cost-effective / achievable 
pollution reduction target (DECC and CMA 2007). 
 
Due to problems ultimately related to the laboratory method detection limit 
(Section 5.3.1), TSS load reductions were not estimated in this study.  Further, 
gross pollutant capture was not included (outside scope).  However, TN and TP 
load balances were estimated for four quite different rain events (Section 5.3.2), 
and these results were then used to infer the potential performance of ROB1 in the 
context of its local environment by cross-referencing these results with a 
histogram delineating different rain events normalised over 80 years (Section 
5.4.3 and Figure 5-14). 
 
This analysis revealed the following: 
• ROB1 could be treating up to 70% of all precipitation by volume per year 
(i.e., up to 70% of all precipitation is retained by the pond for treatment  
between events, however this may fluctuate from year to year depending 
on rainfall patterns). 
• ROB1 could be reducing TN loads by approximately 70% and TP load by 
45% (or better) for up to 60% of all precipitation by volume per year (this 
may fluctuate from year to year depending on rainfall patterns). 
• ROB1 could be expected to reduce TN loads by approximately 70% and 
TP load by 75% (or better) for 45% of all precipitation by volume per year 
(this may fluctuate from year to year depending on rainfall patterns). 
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Based on the above, it is probable that, in an average year, ROB1 is effecting a 
reduction in TN and TP loads in urban stormwater coming from its catchment, 
and that for at least 75% of all precipitation produced, TN reduction is exceeding 
accepted water quality guideline targets, and that for at least 45% of all events, the 
same can be said for TP, keeping in the mind the following: 
 
• These estimates are based on only four rain events. 
• The load balances provided for ROB1 are based on catchment and pond 
conditions at the time data was gathered. 
• Further validation studies confirm the applicability of the statistical 
modelling applied in this study for ROB1 (Section 5.2.1). 
• Results may fluctuate depending on rain event patterns in any one year due 
to factors such as antecedent rainfall, frequency of events, and the overall 
volume of rainfall produced. 
• The true performance of ROB1 (i.e., the net retention of pollutants) is the 
retention during smaller events, minuses that exported during larger 
events.  An extended period of monitoring would be required to establish 
more accurate figures (estimated at least 2 years), and this would need to 
be done periodically over the life of the pond to account for potential 
changes in the pond and catchments as they age. 
 
6. 4 Review of the Water Quality Improvement Pond ROB1 against 
Current Design Standards 
 
One of the key objectives of this study was to critically assess the design of ROB1 
in the context of the pending West Dapto Land Release.  The results of this study 
(Chapter 5) indicate that ROB1 is achieving a level of water quality improvement.  
Further, the estimates suggest ROB1 is achieving pollutant removal rates within 
the range of industry standards.  However, the success of a given stormwater 
management measure is not based solely on its ability to reduce pollutant loads in 
stormwater runoff.  Other financial and social factors play an important role in the 
long term success of a given measure, i.e., their general acceptance by developers, 
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responsible agencies and community as a whole (Taylor 2005).  In this section, a 
general critique of the ROB1 design is compared to best practices for constructed 
wetlands (Section 2.3.3), and what this might mean for the West Dapto Land 
Release. 
 
6.4.1 Design – ROB1 versus Current Best Practice 
 
ROB1 consists of four inlets (H1, H2, H3 and H4), an outlet structure (H5), four 
gross pollutant traps (GPTs); a spillway; a macrophyte zone and open water 
(Section 3.4.2).  Figure 6-2 illustrates ROB1’s design alongside a wetland concept 
design consistent with modern best practice standards (Section 2.3.3).  Modern 
constructed wetlands are typically designed and constructed in keeping with a 
linear process concept, often referred to as a “treatment train”, which is designed 
to treat polluted water in an order that maximises the efficiency of each pollutant 
removal mechanism.  This treatment train can be broken into the following linear 
components. 
   
• Pre-treatment zone: facilitates the removal of large detritus and 
anthropogenic waste, usually accomplished by some form of screening, 
typically down to particle size of around 5 mm (CSIRO 1999). 
• Inlet zone: provides flow energy dissipation and sediment removal down 
to around 0.06 mm (CSIRO 1999), usually via rapid settling, and may also 
include an ephemeral zone to capture organic material to reduce biological 
oxygen demand. 
• Macrophyte zone: consists of a macrophyte bed that facilitates fine 
filtration and other physical and biochemical process that encourage 
pollutant removal beyond mere gravitational settling.  
• Deep water zone:  provides an extra level of water quality treatment or 
“polishing” (post macrophyte bed settling, disinfection via exposure to 
sunlight, and oxidation of metals) and facilitates the controlled release of 
treatment waters to receiving waters. 
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The logic behind modern treatment train designs is to optimise the various stages 
by effectively preparing the treated water via the upstream stage such that it is 
more amenable to more sensitive downstream stages.  Upstream stages can also 
act to protect the integrity of downstream stages.  For example, pre-inlet screening 
significantly reduces the suspended material load (coarse sediments and litter) that 
needs to be treated by the inlet zone (this also facilitates aesthetics), improving its 
efficiency and helping to extend the amount of time before cleanout of the settling 
pond is required.   Similarly, the inlet zone enhances the downstream macrophyte 
zone treatment by reducing the amount of medium and fine sediments entering the 
macrophyte zone, as well as controlling the hydraulic loading.  Further, a properly 
designed inlet zone will also act to protect the macrophyte zone by bypassing high 
flow events that could damage the macrophyte bed (i.e., preventing scouring). 
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Figure 6-2: ROB1 versus current best practice. 
(a) Layout and major components of water quality control pond ROB1 (Hopkins and Yassini 2006) as provided in Chapter 3 (Figure 3.6) and (b) wetland layout consistent 
with modern wetland designs (Water by Design 2006). 
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6.4.1.1 Pre-treatment and Inlet Zone 
 
ROB1 does not include an upstream pre-treatment stage like that depicted in 
Figure 2-5, but instead combines the inlet and screening process as one in the 
form of concrete aprons and, with the exception of H4, trash rack type GPTs (H4 
was fitted with a subterranean basket screening system however it had not been 
cleaned in years and was not functioning).  As a consequence ROB1’s inlets 
suffer from a number of limitations including: 
• The trash racks provide limited retention of gross pollutants and in no way 
provide the level of particulate removal recommended in CSIRO (1999). 
• They have poor aesthetic value. 
• They are a potential public health and safety hazard. 
• They are too shallow to provide effective sediment removal. 
• None of the inlets have high flow-bypass capacity. 
• With the exception of inlet H3 (Figure 6-3), they have no apparent energy 
dissipation features. 
 
 
Figure 6-3: Inlet H3 showing rudimentary energy dissipation pillars.  
Even by industry standards at the time ROB1 was designed (early 1990s), the energy dissipation 
design evident at H3 is quite primitive (Qld DNR et al. 2007). 
 
While relatively cheap option in terms of capital costs, the trash racks employed at 
ROB1 (Figure 3-9) are not particularly efficient means of screening.  Pollutants 
that become trapped behind trash racks often overtop the trash racks under high 
flow conditions, particularly when poor maintenance and / or high detritus loads 
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convert these racks into virtual dams (Figure 6-4).  All of the inlets are located 
within metres of residential homes and are easily accessible to the public, 
detracting from the aesthetic value of the area and creating potential public health 
and safety issues (concerns were raised about this to the author by a nearby 
resident who was concerned about their young children playing in these 
structures).   
  
ROB1’s inlets also lack adequate sedimentation capacity.  Whilst the cement 
aprons appear to be providing some level of sediment retention (Figure 6-4), 
referring to them as sediment basins is problematic.  It is likely that these aprons 
were designed with sediment retention in mind (they are not mentioned in the 
Detailed Design Report for ROB1 (Sinclair Knight 1994)).  Rather, it is more 
likely they were designed as a means of scour protection and trap for gross 
pollutants.  They are far too small to accommodate 5 years of sediment storage 
(Figure 6-5), and are unlikely to facilitate effective settlement of finer particulates.  
Further, the absence of any form of high flow bypass means that during high flow 
events, sediments and gross pollutants are flushed directly into the pond.  
 
 
Figure 6-4:  GPT associated with the inlet structure H1.   
Note the damming effect that has occurred up against the trash rack and the evidence of water 
having jumped the rack as a result, dumping sediment and rubbish beyond the trash rack structure.  
Note also that this whole scene is highly visible to residents, the closest of which lives within 
metres of this structure. 
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Figure 6-5:  Sediment basin concept design consistent with current best practice (Water by Design 2006) . 
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6.4.1.2 Wetland Zone 
 
The wetland concept detailed in Section 2.3.3 provides secondary treatment via 
the macrophyte bed, then a final tertiary treatment (also referred to as “polishing”) 
via an open water pond and outlet structure.  These two stages are deliberately 
separated in order to maximise treatment outcomes by channelling the water 
through the macrophyte zone, thereby maximising the contact of the treatment 
water with the macrophytes and associate biofilms, thus enhancing the fine 
filtration and biochemical process described in Section 2.3.5 that facilitate water 
treatment.  Treatment water then flows into an open pond which represents the 
final stage of treatment.  Here, polishing treatment occurs and includes post 
macrophyte bed settling, oxidation of metals and the breakdown of complex 
organic pollutants and disinfection via exposure to sunlight (Water by Design 
2006).  This pond also provides a small amount of water retention and the 
controlled release of water such that the catchment hydrology is maintained at 
levels approximating pre-development conditions.   
 
ROB1 provides both a macrophyte zone and an open water zone, but they are not 
separated into consecutive zones, but rather combined concentrically (Figure 2-8).  
Hence, while the processes mentioned above are likely to be present in ROB1, the 
movement of water through each zone is likely to be less efficient than a wetland 
system designed to be consistent with current best practice.  Further, due to the 
multi-inlet design of the pond, short circuiting of water from some inlets (i.e., 
water flowing directly from inlet to outlet), particularly H1, is a risk with ROB1’s 
design.   
 
It is also noted that the macrophyte zone is far smaller than what current best 
practice would suggest (Section 2.3.4).  Based on surveying undertaken at ROB1 
in 2008, the macrophyte zone area was 716m2 (Appendix C).  Given a treatment 
catchment surface area of 33.2 ha (Figure 3-5), this puts the percentage ratio of 
treatment catchment area to macrophyte zone at approximately 0.2%, i.e, one 
order of magnitude below what current best practice suggest it should be (Section 
2.3.4) 
185 
 
 
6.4.2 Maintenance 
 
According to the detailed design report for ROB1 (Sinclair Knight 1994), a 
number of maintenance activities should be undertaken during the life of ROB1 in 
order to ensure continued performance.  These are: 
 
• Control and removal of litter and debris. 
• Control and removal of sediment. 
• Control of excess macrophyte growth in the ponds. 
• General maintenances of the area surrounding the ponds, including 
embankments and spillways. 
 
With the exception of checking that flow paths in and out of the system are 
unobstructed, these are essentially the same kind of activities more modern 
wetlands would require (Landcom 2009d).  However, there are few intrinsic flaws 
in the design of ROB1 that are likely / will lead to the increased complication / 
cost of maintenance.  These are: 
 
• Inadequate primary treatment due to poorly designed inlet structures. 
• Inadequate maintenance access. 
• No means of bypassing ROB1, or draining and isolating ROB1 at the 
outlet. 
 
Early designs of wetland and similar stormwater management systems tended not 
to include consideration of operational maintenance such as the cleaning out of 
GPTs and sediment basins, and maintaining macrophyte beds.  As these early 
designs became established, this lack of consideration soon became evident and, 
over the last 10 to 15 years, this has seen a focus on the issue of maintenance of 
stormwater treatment structures.  Consequently, modern best practice includes the 
consideration of maintenance activities in the design of stormwater quality 
measures, as well as ensuring appropriate access for mobile equipment in urban 
planning.  More recent publications concerning the design and operation of 
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stormwater control measures specifically mention the importance of designing for 
maintenance and how this can be achieved (Water by Design 2006; Landcom 
2009d).   
 
Unfortunately, ROB1 predates this period and, as a consequence, infrastructure 
design and access for the purposes of maintenance is relatively poor.  The sides of 
the concrete apron at Inlet H1 are too steep for bobcat access, making shovelling 
by hand the only viable option.  Inlet H2 requires opening up the small cage 
enclosing the small concrete apron.  Due to the dimensions of the cage and the 
fact that the cage only opens from the top, even hand shovelling is awkward.  The 
only inlet to include an upstream sub-surface GPT was inlet H4.  However, due to 
access issues (i.e., no easement), cleaning this GPT was not possible and it had to 
be removed and replaced with a trash rack downstream of the inlet.  Further, there 
are no hardstand areas, paved access roads or any areas for storing dredged 
materials on-site, hence large scale activities like aquatic weed removal and 
dredging benthic material are likely to be hampered by: 
 
• Access and stabilization of heavy vehicles and mobile equipment 
(particularly if the ground becomes wet). 
• Lack of appropriately bunded storage areas to facilitate the temporary 
storage and dewatering of dredged benthic materials (sediments and 
aquatic vegetation). 
 
Maintenance activities (particularly larger ones like dredging the pond to maintain 
retention capacity), often require the capacity to by-pass inlets, drain wet areas 
and isolate outlets to facilitate maintenance activities and protect receiving waters.  
Current best practice advises that wetland systems include outlet structures like 
that shown in Figure 2-7.  ROB1’s outlet design (Section 3.4.3.2), however, is a 
simple top-down open pit and pipe with no isolation or draining functionality.  
Further, due to the absence of any by-pass structures, ROB1 cannot easily be 
isolated from inflows.  This is likely to cause complications when the time comes 
to undertake dredging or the replacement / repair of infrastructure within the pond 
(e.g., outlet structure or spillway). 
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6.4.3 Other Limitations that apply to ROB1 
 
All wetland measures share some generic limitations, most of which can only be 
avoided by using an alternative “dry” stormwater quality measure (e.g., 
biofiltration).  Those that apply to ROB1 include (DIPNR 2004; Water by Design 
2006): 
  
• To be effective, constructed wetlands generally need a large area. 
• They must be designed to fit into the landscape and have narrow 
tolerances with respect to land gradient. 
• They represent a potential public health and safety hazard with respect to 
exposure to polluted waters and drowning. 
• Effective management is necessary to ensure they maintain their water 
quality function and aesthetic appearance (e.g. Figure 6-6). 
 
 
Figure 6-6:  Green matted vegetation on the surface of ROB1 consisting almost entirely of 
Parrots Feather (Myriophyllum aquaticum). 
Parrots Feather is an exotic aquatic species often used for display purposes in domestic fish 
tanks.  The “invasion” of exotics like Parrots Feather is a risk associated with any stormwater 
management measure that includes open water. 
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7 CONCLUSIONS AND RECOMMENDATIONS 
 
7. 1 Introduction 
 
This chapter reiterates the three aims of this study and discusses how closely this 
study met these aims.  A second section provides recommendations in two distinct 
areas.  The first discusses opportunities for further scientific research based on the 
findings of this study.  The second looks at opportunities for improving urban 
stormwater runoff management as part of the roll out of the West Dapto Land 
Release by making recommendations to the development’s primary Consent 
Authority, i.e., Wollongong City Council.      
 
7. 2 Study Aim and Objectives 
 
As stated in Chapter 1, the aim of this study was to investigate the performance 
and design of the WQCP “ROB1” relative to existing benchmarks and best 
practice and, using this information, provide insights into how urban stormwater 
management might be improved in relation to the future West Dapto Land 
Release.  In order to address this aim, the study had the following objectives: 
 
1. Assess the nutrient and suspended solid (Priority Pollutants) reduction 
capacity of Water Quality Control Pond “ROB1” relative to generally 
accepted current best practice water quality guidelines. 
2. Develop a transportable / transferable methodology to evaluate nutrient 
and suspended solid load reduction capacities for CWs and other forms of 
urban stormwater management measures that could quantitatively describe 
the accuracy of those estimations. 
3. Assess the design of ROB1 against current best practice. 
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7.2.1 Objective 1 – Assess the nutrient and suspended solid reduction capacity 
of ROB1 
 
Achieving the first Objective 1 was fraught with many challenges.  These 
included: 
• The ability to respond to rain events that can occur at any time of the day 
or night. 
• The ability to measure rain events that are, by their nature, never the same 
with respect to variations in intensity and overall volume of surface runoff 
produced. 
• To be able to account for the Priority Pollutants TP, TN and TSS despite 
limitations in technology (Section 4.2) that severely limit the temporal 
resolution required to describe the behaviour of these pollutants due to 
unpredictable shifts in rainfall intensity (Section 2.5.5). 
• No apparent validated means of estimating the performance of stormwater 
management measures within the stormwater / WSUD industry that 
adequately addressed the above. 
 
The challenges presented by the first aim were overcome by establishing a 
network of time synchronised automated sampling and monitoring stations, or 
“water quality monitoring stations” (WQMS) at each inlet and outlet of ROB1 
(Chapter 4).  This approach came with limitations, particularly concerning its 
complexity and cost (Section 4.3 and Section 6.2.1).  Despite these limitations, the 
network delivered very high quality data capture rates rarely seen in the literature 
(Section 2.4).  However, following successful capture of data, a means of 
estimating concentrations using the data collected by each WQMS was needed.  
Initial attempts involving simple correlations between monitoring data (turbidity, 
conductivity and flow data) and water sample results for TN, TP and TSS proved 
unsatisfactory.  A solution was found by using standard least squares procedures 
to fit multivariable statistical models to the data collected during this study 
(Section 5.2.1).  This resulted in the creation of two statistical models, i.e. one for 
the inlets (“Inlet Predictive Model” or IPM) and another for the outlet (“Outlet 
Predictive Model” or OPM).      
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These models proved successful for predicting both TN and TP using the high 
resolution monitoring data collected by the WQMSs.  Unfortunately, due to the 
detection limits of the method used to determine TSS concentrations, the models 
could not be used to predict TSS (Section 5.3.1).  The development of the IPM 
and OPM allowed pollutant load balances for four of the six rain events monitored 
during this study to be estimated (Section 5.3.2).  Overall, load balance estimates 
indicated that ROB1 was achieving a level of reduction in TN and TP that 
appeared to be within the range of current best practice water quality targets 
(Section 6.3).  However, it is acknowledged that additional events would need to 
be monitored and load reduction estimates made to confirm this. 
 
7.2.2 Objective 2 – Develop a transferable / transportable methodology to 
estimate the performance of urban stormwater management measures 
 
Achieving the second aim of this study was essentially a function of achieving the 
first.  Despite the challenges and issues that occurred, there is strong statistical and 
circumstantial evidence to justify that the second aim had been achieved (Section 
5.4).  Whilst further validation is required to verify the study methodology, the 
statistical diagnostics presented in Section 5.3.1 are very promising. Further, the 
circumstantial evidence described in Section 5.4.2.2 in relation to load estimations 
determined for Events 1, 2c, 5 and 6 appear reasonable.  Hence, while it is not 
possible to conclusively demonstrate that the second aim has been achieved, there 
is ample evidence to suggest that this is the case, hence further investigation is 
warranted.   
 
7.2.3 Objective 3 – Assess the design of ROB1 against current best practice 
 
Assessment of the ROB1 design against current best practice has shown that it is 
out-dated (Section 6.4).  The design suffers from a number of issues including:  
• Poor inlet design (including a lack of high flow by-pass). 
• A lack of up-stream sediment removal (ineffective screening and no rapid 
particulate settling). 
• An insufficient macrophyte zone (6.4.1.2) 
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• Risk of short circuiting. 
• Poor maintenance outcomes. 
• Poor aesthetic outcomes. 
• Public health and safety concerns. 
 
Modern best practice design standards for wetlands detailed in publications like 
Water by Design (2006) and Melbourne Water (2002) should  be used.  Further, 
consideration should be given to a more integrated, distributive approach to 
stormwater quality management (Section 7.3.2) in order to improve water quality 
outcomes for receiving waters which, in the case of ROB1 and the West Dapto 
Land Release as a whole, is Lake Illawarra. 
 
7. 3 Recommendations 
 
The findings of this study provide recommendations in relation to: 
 
• Further research in the area of direct measurement of the performance of 
urban stormwater management measures. 
• Recommendations for improving the management of urban stormwater 
runoff in relation to the role out of the West Dapto Land Release currently 
underway in the Illawarra region of NSW. 
 
7.3.1 Further Research 
 
The strength of the statistical and circumstantial evidence provided in Chapter 5 
indicates that the methodology applied in this study for estimating TN and TP 
loads warrants further investigation.  Hence, it is recommended that further 
validation studies be conducted using this methodology to determine if it is 
capable of establishing statistical models in other catchments and other climates.  
These studies might also include: 
• Inclusion of additional monitoring parameters such as oxidation reduction 
potential and pH. 
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• Application of the methodology to other types of stormwater management 
measures (e.g., bioretention systems and infiltrations measures). 
• Application of the methodology to other types of pollutants, such as 
bioavailable forms of TN and TP, metals and pathogens. 
• In combination with the previous bullet point, undertake particulate 
analysis which may provide insights into potential sources of excess TN 
and TP when mass balances show an export of TN and / or TP.  This 
should also include GPT specific monitoring such in conjunction with 
whole of system monitoring to determine how different models behave 
under different rainfall conditions and cleaning frequencies. 
• Re-testing of TSS using more sensitive means of detecting TSS in sample 
waters. 
 
   
The data gathered during this study could be used to investigate other areas 
beyond the performance of ROB1. For example, the data is likely to be useful for 
examining the first flush phenomena in order to address some of the disagreement 
about its existence and importance (Section 2.2.5.3).  The data collected in this 
study could also be used to investigate the water quality leaving the ponds relative 
to water quality more generally in the region by comparing results with those 
provided in other studies such as Gangaiya and Beardsmore (2006) and Taylor 
(2003).   
 
It is also recommended that research into local and regional water chemistry be 
undertaken with a view to identify limiting nutrients and key pollutants effecting 
Lake Illawarra as wells as creek, streams and ponds within its catchment.  This 
information could then be used to tweak / modify the design of urban stormwater 
treatment systems to favour the removal of the identified “high risk” pollutants.  
 
7.3.2 Opportunities for Improving Stormwater Treatment in the West Dapto 
Land Release area 
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Development of the remaining stages of the West Dapto Land Release is likely to 
occur over an extended period (30 years).  Hence, there is ample opportunity for 
Wollongong City Council as the planning authority to capitalise on both the 
outcomes of this study, and from the urban stormwater management industry in 
generally.  In Section 6.4 it has been shown that the ROB1’s design is essentially 
out-dated and consideration should be given to designs that are more consistent 
with modern best practice as detailed in Sections 2.3.3 and 2.3.4.     
 
Consideration should also be given to alternative treatment measures that preclude 
the need for open water and incorporate a distributive approach to treatment 
throughout the catchment, starting at the allotment scale and street scale, rather 
than simply focusing on large “end-of-pipe” solutions.  While it is acknowledged 
that larger end-of-pipe solutions have some advantages associated with economies 
of scale (initial capital costs and maintenance), they also often need to treat higher 
volumes of water which usually means large wetland systems with open water.  
Such measures have a number of limitations that can cause issues for on-going 
operation and maintenance such as the outbreak of aquatic weeds (Figure 6-6) 
and, should they fail due to bad design and / or poor maintenance, the impact on 
receiving waters is much greater.  A distributive approach, on the other hand, 
reduces the probability of large scale failure and provides other advantages that 
make them more viable when considering their impact from a triple bottom line 
perspective (Taylor 2005).  These include (CSIRO 1999): 
 
• Improved protection through distributed risk: water quality protection 
is distributed along a greater length of the waterway and can be installed at 
a sub-catchment level, thereby reducing the impact if a given measure 
suffers a failure or reduction in performance. 
• Localised protection: treatments can be specifically tailored to specific 
local conditions and land uses. 
• Improved removal efficiencies: distributed treatments are usually located 
in areas of lower flow volumes and velocities which favours higher 
operating efficiencies. 
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• Staged Implementation: the West Dapto Land Release area features 
multiple small catchments and multiple land ownership, hence a 
distributive approach would help manage these issues by enabling 
measures to be brought into operation at different stages rather than 
relying on the agreement between parties to fund larger, end-of-pipe 
solutions.  This is particularly helpful given that some developments 
within the same catchment may be constructed years ahead of others. 
 
Because a distributive approach to urban stormwater management favours smaller 
treatment measures at the allotment and street scale, it tends to create two 
additional benefits that are likely to apply to the West Dapto Land Release.  
Firstly, because smaller measures can be fitted at the allotment and street scale, 
treatment is typically smaller, and overall footprint required for stormwater 
quality measures is reduced, leaving more land for additional lots and / or 
recreational and open space.  Secondly, the smaller scales tend to favour “dry” 
treatment measures (Water by Design 2006) such as bioretention measures.  
Bioretention systems filter runoff using densely packed vegetation and percolating 
the runoff through stratified filter media as illustrated in Figure 7-1.  Using 
biofiltration instead of wetlands negates many of the issues associated with 
constructed wetlands (Section 6.4.3), including: 
• No permanent water body required which removes or significantly reduces 
issues attributed to constructed wetlands, including 
̶ Public safety 
̶ Maintenance  
̶ Biological issues associated with open water bodies in urban 
environments (e.g. algal blooms, prolific aquatic weed growth 
(Figure 6-6), odours and vermin). 
• Biofiltration systems generally require less than half the area required than 
by a constructed wetland systems (Landcom 2009b)  
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Figure 7-1: Schematic of a generic biofiltration system (Landcom 2009b) 
 
 
It is also strongly recommended that all future development within the West 
Dapto Land Release Area and the Wollongong City Council (WCC) Local 
Government Area (LGA) more generally adhere to existing stormwater 
management related planning instruments and guidelines.  This will ensure far 
better stormwater related economic; social and environmental outcomes for 
Council and its community.  Chief amongst these is the Chapter E15 of the 
Wollongong Development Control Plan, Water Sensitive Urban Design (WCC 
2009).  Guidelines that should also be referenced concerning the selection, design, 
construction, approval and operation of stormwater management infrastructure 
include: 
• The Landcom WSUD Strategy set released in 2009 (Landcom 2009a; 
Landcom 2009b; Landcom 2009c; Landcom 2009d); 
• Draft MUSIC Guidelines for New South Wales (Webber and Fletcher 
2010) 
• Construction and Establishment Guidelines: Swales; Bioretention Systems 
and Wetlands (Water by Design 2010) 
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